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Foreword

In 1969, it was announced that mankind had reached the Moon. Although this space 
event caused great astonishment among scientists and the general population until 
today, some believe it was a hoax.

Similarly, nowadays, there is much conversation about climate change and that 
various anthropogenic activities involving the use of fossil fuels have caused its 
acceleration. However, some do not believe that these events are interrelated.

The truth is that the world is experiencing climatic phenomena that have impacted 
human health. Hence, this book shows the impact that climate change has had or 
may have on the incidence and prevalence of diseases caused by fungi. Although 
relatively few fungi are capable of causing disease in humans, climate change may 
shift this picture. Therefore, it is crucial to expand our vision on the possible causal 
agents of mycoses as well as new perspectives on their diagnosis, treatment, and 
prevention.

Dirección General, Hospital Regional de Alta
Especialidad de Ixtapaluca, Ixtapaluca
Estado de México, Mexico

  Alma Rosa Sánchez-Conejo
María Eugenia Sánchez Conejo
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Preface

The impending climate change is a cause for concern worldwide due to its negative 
influence on the incidence and prevalence of infectious and non-infectious diseases 
in humans, including fungal infections. However, mycoses are the ones that have 
received the least attention from health authorities, unlike those caused by other 
microorganisms. This book The Impact of Climate Change on Fungal Diseases 
evidences the changes in the ecology of fungi and the diseases they cause influenced 
by the temperature increase at a global level. Various aspects are reviewed, such as 
the emergence of pathogenic fungi, infections caused by fungi that were not consid-
ered pathogens, and the geographical expansion of endemic fungi, among others.

This book aims to draw the attention of health professionals to direct greater 
efforts on the prevention and control of fungal diseases. In addition, it exposes the 
urgent need for a unified approach in fungal identification to guide the treatment of 
those suffering from infections by these pathogens and therapeutic alternatives 
against fungal pathogens resistant to the main types of antifungals. Finally, given 
the need to prevent fungal infections, the current state of antifungal vaccines is pre-
sented, as well as vaccines with potential for commercialization in the coming 
years. The book contains 17 chapters, three of which explain the basics of climate 
change, the role of fungi in ecosystems, and the adaptation of fungi to high tempera-
tures. Besides, nine chapters evidence the impact of climate change on infections 
caused by fungi; two chapters are focused on non-infectious diseases; and three 
chapters explain the challenges and new tools for the diagnosis, treatment and pre-
vention of mycoses. The chapters also include tables, figures, and extensive refer-
ences to guide readers.

The authors were invited to provide concise and up-to-date information on each 
topic based on their contributions and a particular interest in their subspecialty.
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IPCC Intergovernmental panel on climate change
LUCC Land-use and land cover change
N2O Nitrous oxide
Nox Nitrogen oxides
O3 Ozone
RCPs Representative concentration pathways
RF Radiative forcing
SO2 Sulfur dioxide
SSPs Socioeconomic pathways
VOC Volatile organic compounds

1.1  Introduction

Climate change is a natural process that controls our planet’s climate on timescales 
varying from decades to millennia. This process is mainly controlled by greenhouse 
gases (GHGs) that confine radiation in the atmosphere, where various feedback 
mechanisms occur until the Earth system reaches an energy balance. Natural forc-
ings have controlled these processes at paleoclimatic scales, such as variations in 
solar luminosity, changes in the Earth’s orbit, volcanic eruptions, and even continen-
tal drift (Hartmann 2016). However, anthropogenic emissions of gases such as car-
bon dioxide (CO2), methane (CH4), nitrous oxide (N2O), and other GHGs have 
increased to unprecedented levels in at least the last 800,000 years, since the prein-
dustrial era, driven by large economic and population growth (IPCC 2014a). In this 
chapter, we briefly describe an overview of the key concepts related to climate change.

1.2  Climate Variability

The weather has a large day-to-day variability. However, we are also aware of an 
underlying seasonal cycle; today may be hotter/colder than yesterday, but summer 
days are warmer than winter days on average. It is natural to think of the weather as 
a constant regular rhythm to which life has adapted. Nevertheless, if we explore past 
climates, we will find that the climate is not as invariable during the last thousands 
of years as it may seem (Hartmann 2016). Long time series of atmospheric variables 
(longer than 40 years) reveals that climate also has variability; for example, it is 
clear to us that July (the summer season) is warmer than January (the winter season) 
in the Northern Hemisphere, but July of this year seems hotter than July 50 years ago.

Atmospheric variables can be measured directly using instruments, which serve 
to create an instrumental record. However, we also have indirect observations that 
allow us to go further back in time, mainly using estimates from information stored 
in sediments of lakes and oceans, layers of ice, and tree rings, among other informa-
tion sources. Additionally, new observational satellite-based systems have increased 
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the number of observations of the Earth’s climate by orders of magnitude in the last 
decades (IPCC 2014b). Due to our interest in human-made global warming, consid-
erable efforts have been made to estimate the global surface temperature based on 
the instrumental record and evaluate these estimated temporal trends over the past 
century (Hansen et al. 2010; Morice et al. 2012; Zhang et al. 2019). Figure 1.1a 
shows a clear increasing trend in temperature, especially since the 1980s, where the 
black line represents monthly global mean temperature anomalies from 1880 to 
2020 with a reference period of 1971–2000 and the red line shows a 12-month mov-
ing average representing the underlying annual cycle.

Most of the climate variability is associated with natural processes. We know that 
the Earth has gone through freezing and cooling processes in the past, mainly asso-
ciated with solar activity and the Earth’s movements around the Sun. Paleoclimatic 

Fig. 1.1 Time series of (a) monthly global mean temperature anomalies for the period 1880 to 
2020 for a reference period of 1971–2000 using data from Zhang et al. (2019, 2020). (b) Time 
series of estimated CO2 concentrations of ice cores from Law Dome, Antarctica. Data from 
MacFarling et al. (2006)

1 Climate Change Overview
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reconstructions of key climate variables have provided insightful information about 
the Earth system’s responses to various external forcings and its internal variability 
over a wide range of timescales (Hansen et al. 2010; Mann et al. 2008). Figure 1.2 
shows a paleoclimatic reconstruction of a series of global surface temperature 
anomalies for the last 784,000 years. Natural forcings might explain these changes 
in the climate system, such as variations in solar luminosity, variations in the Earth’s 
orbit around the Sun associated with Milankovitch cycles (e.g., Kerr 1987), volcanic 
eruptions, and even continental drift (Hartmann 2016).

Although much of climate variability is natural, human activities release large 
amounts of CO2 and other GHGs to the atmosphere, which remained trapped for 
centuries and millennia in fossil fuels. Figure 1.1b shows a reconstruction of the 
estimated time series of CO2 concentrations from ice cores in Law Dome, Antarctica. 
An increase in CO2 concentrations can be observed from the mid-nineteenth cen-
tury, while during the 1800 years before the industrial era, CO2 levels remained 
stable at around 280 ppm. It seems that, since the industrial revolution, CO2 levels 
are increasing at a faster rate than in the preindustrial period. This rise in CO2 in the 
atmosphere has a clear human origin and plays a critical role in enhancing the 
greenhouse effect that we will explain in the next section.

1.3  The Greenhouse Effect and the Climatic 
Feedback Mechanisms

The greenhouse effect is a natural process where GHGs trap radiation in the atmo-
sphere and modify the Earth’s radiative balance with the Sun’s incoming energy. 
The average temperature on the Earth’s surface would be below the freezing point 

Fig. 1.2 Time series of global surface temperature anomalies from the last 784,000 years com-
pared to the preindustrial era, reconstructed using 14 sea surface temperature paleo proxies using 
data from Friedrich et al. (2016)
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of water without it. Thus, Earth’s natural greenhouse effect makes life as we know 
it possible (IPCC 2014b). Changes in the Earth system, both natural and anthropo-
genic, can perturb the Earth’s energy balance, producing a radiative forcing (RF) 
that affects climate, which is a net change in the energy balance in response to an 
external perturbation (IPCC 2014b). When a forcing is applied, the climate system 
response will depend on the complex feedback mechanisms involved in the process. 
Therefore, the climate response will be in general different from a simple linear one 
depending on the kind of feedback mechanisms that can either amplify (“positive 
feedback”) or diminish (“negative feedback”) the effects of the RF (Hartmann 2016; 
IPCC 2014b).

An example of positive feedback is the interaction of an increase in temperature 
with the atmospheric water vapor. Water vapor is a potent GHG, and the capacity of 
air to contain water vapor increases with temperature. As the temperature increases, 
the amount of water vapor in the atmosphere rises, augmenting its effectiveness as 
a GHG. This mechanism, known as the water vapor feedback, is possibly the most 
significant positive feedback. Other examples of positive feedback are associated 
with the effects of the increase in temperature in the degradation of the permafrost 
(a ground layer that is completely frozen for at least 2 years) and the melting of ice 
and snow. The microbial decomposition in the permafrost releases methane and 
other GHG, contributing to even more permafrost degradation. The loss of ice and 
snow from the surface reduces the radiation reflected to space, warming up the sur-
face and accelerating the melting.

Examples of negative feedback are the Planck and the lapse-rate feedbacks. The 
Planck feedback is related to the increase in radiation emitted by a body with 
increased temperature. As the body radiates more, the cooling also increases, reduc-
ing the temperature. Planck feedback is possibly the most important negative feed-
back mechanism. The lapse-rate feedback is related to the fact that temperature 
decreases with height in the Earth’s troposphere. This lapse rate is critical for the 
greenhouse effect since the emission of infrared radiation from the Earth to space 
occurs mainly from the middle to high altitudes in the troposphere, where tempera-
tures are lower than the surface. Therefore, a decrease in this rate will imply that the 
radiation emitted back to space will be closer to the surface temperature. Thus, the 
greenhouse effect will decrease as the surface cools. However, the positive water 
vapor feedback easily overcomes this lapse-rate feedback (Cess 1975).

Other feedback mechanisms that can be positive or negative in the energy bal-
ance are those associated with clouds and aerosols. Ice and clouds have a high 
albedo, reflecting large amounts of radiation into space, thereby cooling the Earth 
system. Besides, clouds can also retain the radiation emissions from the surface, 
trapping infrared radiation in the atmosphere. The behavior of clouds in cooling or 
warming the Earth’s climate will depend on the cloud’s physical properties and the 
condensation nuclei nature. This ambivalent effect has many uncertainties associ-
ated. Some aerosols increase atmospheric reflectivity, while others, like particulate 
black carbon, are strong GHGs. Aerosols also affect cloud albedo because many 
aerosols serve as cloud condensation nuclei or ice nuclei. Therefore, aerosol types 
and their distribution can result in small but important cloud albedo changes and 
lifetime (IPCC 2014b).

1 Climate Change Overview
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Moreover, biochemical activity can produce positive or negative feedback. 
Earth’s climate has been shaped by life on Earth, and therefore, biology plays a vital 
role in climate sensitivity. Among the many ways that plants, animals, and other 
organisms can influence climate sensitivity, the most important is perhaps the abil-
ity to change the atmosphere’s composition, such as the capture of CO2 by plankton 
and plants or aerosols and the release of GHGs.

Furthermore, it is important to consider the timescale to understand the full 
impact of a feedback mechanism. Some feedback operates in short timescales (from 
hours to days), while others can operate in scales that go beyond (from years to 
centuries) (IPCC 2014b). Although water vapor is perhaps the most important 
greenhouse gas, its abundance in the atmosphere is not controlled by humans, and it 
responds freely to climatic conditions. Human activities have increased the emis-
sions of GHGs, such as CO2, CH4, N2O, and chlorofluorocarbons (CFCs). Besides, 
the production of pollutants (like carbon monoxide (CO), volatile organic com-
pounds (VOC), nitrogen oxides (NOx), and sulfur dioxide (SO2)) alters the concen-
tration of GHGs like CH4 and ozone (O3) through atmospheric chemical reactions 
(IPCC 2014b). Most of these anthropogenic emissions have long lifetimes in the 
atmosphere, meaning that they can last for a long time in the atmosphere before 
being removed or circulated in other Earth system components. For instance, CH4 
can have lifetimes of about 10  years, and CO2 lifetime can range from 50 to 
200 years, while the lifetime of water vapor in the atmosphere is around 9 days 
(Hartmann 2016). Due to these lifetime differences, we can consider that long-lived 
gases provide forcing for the climate system. Moreover, changes in the abundance 
of water vapor will result from the feedback associated with this warming 
(IPCC 2014b).

Human activities also affect both the Earth’s energy and water budgets by chang-
ing the land surface, including redistribution in the balance between latent and sen-
sible heat fluxes. Land-use changes impact ecosystems, modifying the albedo, 
phenology, and its role in the carbon cycle (Foley 2005; Houghton 2003; IPCC 
2014b). When climate feedback is considered, it is clear that human activities lead 
to an increase in temperatures due to an amplification of the greenhouse effect.

1.4  Current Impacts and the IPCC

The climate is shifting across our planet as a consequence of human activities (IPCC 
2014a). The increase to unprecedented levels of GHGs caused by anthropogenic 
activities has affected the Earth system’s energy balance due to an amplification of 
the greenhouse effect since the industrial era (Fig. 1.1b). Observations of the atmo-
sphere, land, ocean, and cryosphere provide compelling evidence of climate change. 
The effects of GHG rise are observable nowadays and all over the world. There are 
different scientific groups investigating climate data, uncertainties, and processes 
through technologies and methodologies to offer a wide range of evidence on our 

A. Jaramillo and A. Mendoza-Ponce
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planet’s changing climate (IPCC 2014b). Moreover, there are multiple lines of evi-
dence; some of the most well-known are mentioned below:

Global Temperature Rise: Instrumental observations show that land and sea surface 
temperatures have increased over the last 100 years. For the last 30 years, satel-
lites have allowed a global and broad distribution of measurements. Observations 
indicate that the upper ocean temperature has increased at least since 1950 
(Willis et al. 2010).

Sea-Level Rise: The historical tide gauge record shows that the average rate of 
global mean sea-level rise over the twentieth century was 1.7 ± 0.2 mm year−1 
and this rate increased to 3.2 ± 0.4 mm year−1 since 1990, mostly because of 
increased thermal expansion and land ice contributions (Church and White 2011; 
IPCC 2014b).

Ocean Acidification: The increasing concentrations of CO2 in the atmosphere and 
the rise in the ocean’s uptake of CO2 have a significant impact on seawater’ 
chemistry, decreasing ocean pH.  Long time series from several oceanic sites 
show this ongoing decline in pH, consistent with results from repeated measure-
ments on ship transects spanning much of the globe (Byrne et  al. 2010; 
Midorikawa et al. 2010).

Sea-Ice Loss: There has been a trend of decreasing the Northern Hemisphere sea-ice 
extent since 1978. The amount of multiyear sea ice has been thinning, and thus, 
the ice volume is reduced (Haas et al. 2008; Kwok et al. 2009).

Likelihood of the Occurrence of Extreme Events: Although the global temperature 
rise shows that winters are becoming warmer overall, an increase in extreme 
weather events becomes clear (Cohen et al. 2020). Climate change, driven by 
natural or human forcings, can lead to changes in the likelihood of the occur-
rence or strength of extreme weather and climate events such as extreme precipi-
tation events or warm spells. It is possible to estimate the change in the probability 
distribution of extreme events using detection and attribution methodologies that 
use statistical tools to test the analyses from models relative to observations 
(IPCC 2014b; Stott et al. 2016). These methodologies have been used to show 
that human-induced climate change has changed the probability distribution of 
extreme events, like the July 2018 heat wave that affected Japan, which would 
not have happened without anthropogenic influence (Imada et al. 2019).

To compile all these observations and assess the most recent information pub-
lished in the scientific, technical, and socioeconomic literature worldwide, the 
World Meteorological Organization and the United Nations Environment Program 
set up in 1988 the Intergovernmental Panel on Climate Change (IPCC). The IPCC 
prepares comprehensive assessment reports (IPCC 2014a) and special reports 
(IPCC 2014b; IPCC 2014c; IPCC 2014d), providing governments with a clear view 
of the current state of knowledge about the science of climate change, potential 
impacts, and options for adaptation and mitigation. IPCC reports are also a key 
input into international climate change negotiations (https://www.ipcc.ch/). The 
first IPCC assessment depended primarily on observed changes in surface tempera-
ture and climate model analyses; more recent assessments include multiple lines of 

1 Climate Change Overview
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evidence for climate change. The first line of evidence in assessing climate change 
focuses on the careful analysis of observational records of the atmosphere, land, 
ocean, and cryosphere systems (IPCC 2014a).

1.5  Future Impacts

1.5.1  The Representative Concentration Pathways 
and Socioeconomic Drivers of Climate Change

The Fifth Assessment Report (AR5) (IPCC 2014a) proposes three possible future 
climate change trajectories. These trajectories are known as the Representative 
Concentration Pathways (RCPs) based on diverse scenarios of anthropogenic GHG 
emissions. There are four RCPs, which include a stringent mitigation scenario 
(RCP2.6), two intermediate (RCP4.5 and RCP6.0), and one scenario with very high 
GHG emissions (RCP8.5). The RCP6.0 and the RCP8.5 refer to possible futures 
without additional efforts to constrain emissions; that is why they are called “base-
line scenarios.” The RCP2.6 assumes the aim to keep global warming below 2 °C 
above preindustrial temperatures.

The magnitude and extent of future impacts will depend not only on the dynam-
ics of the Earth system but also on socioeconomic developments driven by popula-
tion dynamics; economic development; technological change; social, cultural, and 
institutional changes; and policies (van Vuuren et  al. 2014). Socioeconomic sce-
narios are used to understand the extent to which global societal developments can 
influence the nature and severity of climate change risks and response options 
(Frame et al. 2018). Mitigation and adaptation scenarios are useful to analyze such 
response strategies. A global climate scenario set was developed to visualize alter-
native futures and explore adaptation and mitigation challenges arising from alter-
native socioeconomic futures for different climate scenarios (O’Neill et al. 2017; 
Riahi et al. 2017). Many elements were integrated to develop climate change sce-
narios. The first element relates to the biophysical response of the RCPs. These 
alternatives depict different radiative forcing associated with varying levels of atmo-
spheric concentrations of the GHG emissions (van Vuuren et al. 2014). Also, they 
integrate their impacts on temperature, precipitation, and sea level. The second ele-
ment is based on the possible socioeconomic trends, best known as the shared socio-
economic pathways (SSPs), which describe future socioeconomic conditions, 
including their effects on the emissions of GHGs (O’Neill et al. 2014). The SSPs 
constitute the narrative and quantitative elements of socio-ecological systems such 
as demographic, political, social, cultural, institutional, lifestyle, economic, and 
technological trends (Frame et al. 2018).

Five reference pathways describe plausible alternative trends in the evolution of 
society and ecosystems over a century timescale, in the absence of climate change 
or climate policies (O’Neill et  al. 2014). SSP1 depicts a future in which the 
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development is consistent with the green growth (or sustainable development) para-
digm (a more inclusive development respecting environmental boundaries). SSP2, 
known as the middle of the road, reflects an extension of the historical experience, 
particularly in terms of carbon and energy intensity improvements in its baseline. 
SSP3 is characterized by regional rivalry, and it faces high challenges both in miti-
gation and adaptation. This scenario results from the combination of high green-
house gas emissions in the baseline (no climate mitigation policy) scenario and low 
mitigation capacity. SPP4, known as “Inequality” or “A Road Divided,” assumes 
low challenges to mitigation and high challenges to adaptation (Calvin et al. 2017). 
The SSP4 points out high inequalities between and within countries and in terms of 
population growth is the second highest due to the high fertility rates in some areas 
(Samir and Lutz 2017). Finally, SSP5 is the pessimistic scenario in terms of emis-
sions. It is characterized by rapid and fossil fuel development with high socioeco-
nomic challenges to mitigation and low socioeconomic challenges to adaptation 
(Kriegler et  al. 2017). Table  1.1 summarizes the main characteristics for each 
pathway.

The RCPs can be combined with the SSPs to obtain GHG emission scenarios 
based on the SSPs’ socioeconomic assumptions and climate policies to reach the 
end of century radiative forcing levels as defined by the RCPs. Therefore, the SSPs 
and RCPs can be assembled into a matrix of climate forcing outcomes and socio-
economic development assumptions (van Vuuren et al. 2014). The original RCPs 
did not originate from the SSPs, as the SSPs were only developed a few years later. 
However, the emissions and forcing projections to drive the next round of climate 
change projections will use the new SSP-based scenarios (climatescenarios.org).

1.5.2  Projections of Changes in Temperature and Precipitation

The RCPs are very useful to project the likely increase (with uncertainty levels) of 
the global surface temperature over the twenty-first century. For the period 
2016–2035 relative to 1986–2005, the RCPs are similar and range from 0.3 °C to 
0.7 °C. By the mid-twenty-first century, the projected climate change magnitude is 
substantially affected by the emission scenario. Global surface temperature increases 
by the end of the twenty-first century (2081–2100) from 0.3 °C to 1.7 °C, according 
to the scenario RCP2.6. The projected rise in temperature is higher based on the 
scenarios RCP 4.5 and 6.0, which depict from 1.1 °C to 2.6 °C and 1.4 °C to 3.1 °C, 
respectively. The high emission scenario (RCP 8.5) projects a rise from 2.6 °C to 
4.8 °C. In terms of geographical impacts, the Arctic region will continue to warm up 
more rapidly than the global mean. Moreover, more frequent hot and fewer cold 
temperature extremes are expected over most land areas on daily and seasonal tim-
escales, while global mean surface temperature increases, i.e., heat waves will occur 
with a higher frequency and longer duration. Regarding precipitation, the AR5 indi-
cates that changes will not be uniform either. The high latitudes and the equatorial 
Pacific will experience a growth in annual mean precipitation under the RCP8.5 
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scenario. However, in various midlatitude and dry subtropical regions, mean pre-
cipitation will decline, increasing in many midlatitude wet regions under the RCP8.5 
scenario. Moreover, extreme precipitation events over most midlatitude land masses 
and wet tropical regions will become more intense and frequent. Besides, the ocean 
will continue to warm up during the twenty-first century, especially in the Northern 
Hemisphere and subtropical areas. Global mean sea-level rise will continue during 
the twenty-first century, faster than the observed from 1971 to 2010. For example, 
in the period 2081–2100, the rise will be between 0.26 and 0.55 m according to the 
RCP2.6 scenario compared to 1986–2005. According to the RCP 8.5, the increment 
projected reaches from 0.45 to 0.82 m f. It is important to highlight that, by the end 
of the twenty-first century, the sea level will not rise uniformly in more than 95% of 
the ocean. These augments will be especially experienced in 70% of the coastlines 
worldwide within ±20% of the global mean.

1.5.3  Climate Change Impacts on Ecosystems and Fungi

Climate change differentially affects ecosystems, biological communities, species, 
and populations. Climate impact modeling helps in understanding the potential con-
sequences of the new climatic conditions at different levels. For example, (1) 
dynamic global vegetation models represent vegetation dynamics through photo-
synthesis, transpiration, and the interactions between land, atmosphere, and water. 
These models include ecological competition for resources, tissue turnover, popula-
tion dynamics, soil organic matter, litter dynamics, and fire disturbance. Moreover, 
they include physiological, morphological, phenological, and bioclimatic responses, 
depending on the plant functional type. These vegetation processes feed the net 
ecosystem exchange and moisture of the global carbon exchange cycle (Sitch et al. 
2003). (2) The species distribution models are numerical tools that combine 
observed data of species occurrence or abundance with environmental estimates. 
These models provide insights into ecological and evolutionary behaviors and pre-
dict distributions across landscapes, sometimes requiring extrapolation in space and 
time (Elith and Leathwick 2009). These numerical tools analyze how climate 
change will affect species distributions and species assemblages (Thuiller et  al. 
2005). The impacts on the distribution and viability of many taxa have already been 
reported. Climate change will heterogeneously affect the species and populations 
due to the diverse sensitivity, exposure to changes, and phenotypic plasticity (Fuller 
et al. 2016). Behavioral variations, such as a shift to nocturnal foraging or selecting 
a cool microclimate, could help free-living organisms face thermal and water stress 
(Hetem et al. 2014).

Assessing possible impacts of climate change on fungi is challenging because 
many species feed and live within substrates or underground, limiting our ability to 
predict their changes. Fungi’s kingdom has between 2.2 and 3.8 million species 
(Hawksworth and Lücking 2017). This enormous diversity is controlled by climate 
and ecological interactions. On the one hand, temperature and precipitation that 
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influence soil moisture and, on the other hand, the community of plants through the 
mycorrhizal interaction allow the survival and distribution of fungi (Bajpai and 
Johri 2019). Approximately 90% of plants are associated with mycorrhizal fungi. In 
this symbiosis, fungi release nitrogen, phosphorus, and other nutrients from soil to 
the plant while receiving carbohydrates, which improves plant performance. Some 
studies have found different effects of increasing temperature on the abundance of 
ectomycorrhizas. For example, some taxa like Lactarius and Russula decreased, 
while Wilcoxina, Laccaria, and Clavulina increased at higher temperatures (Mucha 
et al. 2018). Modification imposed by climate change on temperature and precipita-
tion will affect fungal species and communities, and it might be predicted that future 
climate change may favor more thermophilic and drought-resistant microorganisms 
in many regions (Bajpai and Johri 2019). Regarding precipitation, it has been 
reported that after extreme rainfall, the taxa abundance changes, causing declines 
for groups like Basidiomycota and Zygomycota, while other taxa like Plectopharella, 
Pilidium, Motierellaceae, Sporomiaceae, Cryptococcus, and lichenized fungi like 
Venturiaceae and Verrucaria andesiatica increased (Barnes et  al. 2018). These 
researches show that predicting the future distribution of fungi species is not 
straightforward due to processes like adaptation, migration, acclimatization, or 
extinction.

Evidence of individual species in laboratory conditions supports the unpredict-
ability of many impacts of climate change on fungi. The growth of some fungi 
increases with temperature until reaching a maximum and then decreases. However, 
moisture levels cause a decrease in fungal growth when moisture is insufficient or 
excessive (Bidartondo et  al. 2018). As a result, it is unclear how fungi species 
respond to changes in the communities and ecosystems. Climate change will mod-
ify the length of the reproductive season, the timing of the production of spore- 
bearing structures (Andrew et al. 2017; Büntgen et al. 2012; Yang et al. 2012), and 
the community structure (Mucha et al. 2018). Although scientists do not know with 
high certainty how the future distribution and abundance of fungi species will be 
under climate change, we know that we will face modifications on community 
structure and species spread. This is crucial when we consider infectious diseases.

The new climatic conditions can directly threaten human health because of the 
changing geographic ranges of vector-borne diseases caused by parasites, bacteria, 
fungi, and viruses transmitted to humans. For example, there is concern that global 
warming will bring new fungal diseases for mammals by reducing the gradient 
between the mammalian basal temperatures with the environment (Garcia-Solache 
and Casadevall 2010). Research on filamentous fungus has shown that these species 
can rapidly adapt to growth at higher temperatures (de Crecy et al. 2009). Therefore, 
higher temperatures due to global warming might lead to the selection of fungal 
lineages that can breach the mammalian thermal restriction zone (Casadevall et al. 
2019; Garcia-Solache and Casadevall 2010). A possible example of this selection of 
thermally tolerant fungal lineages may be the rise of Candida auris as a human 
pathogen with the appearance of phylogenetically distant strains on three continents 
(Casadevall et al. 2019). Research is underway to reveal clues and predictive tools 
for determining where diseases might be located in the future (Ogden 2018).
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1.6  Conclusion

Climate change is a natural process that controls our planet’s climate on timescales 
varying from decades to millennia. This process is driven by the greenhouse effect, 
where atmospheric gases like water vapor, carbon dioxide, methane, nitrous oxide, 
and other GHGs retain radiation in the atmosphere. The greenhouse effect is a natu-
ral process, and the average temperature on the Earth’s surface would be below the 
water’s freezing point without it. Thus, Earth’s natural greenhouse effect makes life 
as we know it possible. Nevertheless, human activities release large amounts of CO2 
and other GHGs into the atmosphere at unprecedented levels in at least the last 
800,000 years. This release of GHGs enhances the greenhouse effect that is largely 
modified by human influence.

Changes in the Earth system, both natural and anthropogenic, perturb the Earth’s 
energy balance. The climate system response will depend on the complex feedback 
mechanisms involved in the process, where positive and negative feedback mecha-
nisms will work together to produce a climate’s response that will be different from 
a simple linear. Examples of positive and negative feedback are the interaction of an 
increase in temperature with the atmosphere’s water vapor, the Planck and the lapse- 
rate feedback, and the cloud and aerosol role in the energy balance. Moreover, 
Earth’s climate has been shaped by life on Earth, and therefore, it is true that plants, 
animals, and other organisms can influence climate sensitivity; the most important 
is perhaps the ability to change the atmosphere composition, such as the capture of 
CO2 by plankton and plants or the release of aerosols and GHGs. When climate 
feedback is considered, it is clear that human activities lead to an increase in tem-
peratures due to an amplification of the greenhouse effect.

The effects of GHG increase in climate are observable nowadays and all over the 
world. Examples of such effects are evident from global temperature and sea-level 
rise, ocean acidification, sea-ice loss, and changes in the likelihood of extreme 
events. Different scientific groups worldwide are processing observations of the 
atmosphere, land, ocean, and cryosphere, examining climate data, uncertainties, 
and processes through technologies and methodologies to offer a wide range of 
compelling evidence on our planet’s changing climate. The United Nations thought 
the IPCC provides assessments of the most recent information published in the sci-
entific, technical, and socioeconomic literature worldwide. The IPCC goal is to pro-
vide governments with a clear view of the current state of knowledge about the 
science of climate change, potential impacts, and options for adaptation and 
mitigation.

Climate change affects differentially the hierarchical biological levels from 
genes to ecosystems. The impacts on the species distribution depend on the taxa’s 
sensitivity, exposure to changes, and phenotypic plasticity. Computational model-
ing tools help visualize how climate change could affect the species distribution and 
their assemblages. Assessing the affectation of climate change IPCC on fungi is 
challenging, considering that they feed and live within substrates or underground, 
which impose many limitations. However, there is evidence of individual species in 
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laboratory conditions that indicates that fungal growth could increase with an 
increase in temperature. There is concern that global warming will bring new fungal 
diseases for mammals by selecting fungal lineages that can breach the mammalian 
thermal restriction zone. Besides those findings and some reports on the sensitivity 
of fungi to moisture, it is unclear how fungi respond to climate changes in the real 
world, i.e., the length of the reproductive season and the timing of production or 
changes in geographic ranges. Finally, it is worth saying that the magnitude and 
extent of climate change will depend not only on the dynamics of the biophysical 
elements of the biosphere but also on socioeconomic development. Global climate 
change scenarios like the RCPs and the SSPs help visualize alternative futures and 
explore adaptation and mitigation challenges, which should be used to reinforce 
climate policies.
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2.1  Introduction

The equilibrium of the ecosystem depends on the coexistence and interactions 
between organisms, including microorganisms, plants, and animals. Fungi play a 
functionally diverse role in different ecosystems and can be found in almost all 
ecosystems (Grossart et al. 2019). Fungi are essential players in our ecosystems as 
producers, consumers, and decomposers. In agroecosystems, fungal presence is 
essential in maintaining the fertility of the soil, cycling nutrients, and providing 
tolerance to plants against diseases and pests (Dighton 2003). In forest ecosystems, 
fungi are critical in decomposing plant and animal remains. Fungi play a significant 
role in several dimensions, including in global biogeochemistry by mobilizing car-
bon, nitrogen, and phosphorus, in medicine by producing pharmacologically impor-
tant bioactive molecules, and as an important means of food. Fungi form the basis 
of many industries, including beverages, fermentation, enzymes, animal feed, bio-
insecticide, plant fertilizer, and antimicrobial compounds (Fig. 2.1). Furthermore, 

Fig. 2.1 Diagram showing the major contributions of fungi to the ecosystem and humanity
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fungi have a significant role in addressing global challenges, including cleaning up 
pollutants and biodegrading toxic chemicals.

Currently, nine phylum-level clades have been recognized in the fungal kingdom 
after several taxonomic revisions: Opisthosporidia, Chytridiomycota, 
Neocallimastigomycota, Blastocladiomycota, Zoopagomycota, Mucoromycota, 
Glomeromycota, Basidiomycota, and Ascomycota (Naranjo-Ortiz and Gabaldón 
2019). The fungal genera that belong to Opisthosporidia are known as intracellular 
parasites, and most of them are zoosporic. The members of Chytridiomycota are 
zoosporic, and they exist as either free-living saprobes or parasitoids. Parasitic 
members (e.g., Dinomyces) play a crucial role in the aquatic ecosystem by regulat-
ing algal bloom and recycling nutrients (Lepelletier et  al. 2014). 
Neocallimastigomycota consists of obligate anaerobic and nonparasitic fungi. The 
members of this group are mainly inhabited in the gut of mammalian herbivores. 
Herbivorous mammals do not produce lignocellulolytic enzymes, and they rely on 
the symbiotic microbiota in their rumen to digest the ingested lignocellulosic plant 
materials (Gruninger et  al. 2014). Blastocladiomycota consists of members that 
have a lifestyle as a saprobe in terrestrial or aquatic environments. Some fungi that 
belong to this clade are parasites of invertebrates or pathogens of algae or plants. 
The genus Coelomomyces can parasitize insects or crustacean hosts and has been 
explored as biocontrol agents (Powell 2017). The representatives from 
Zoopagomycota live either on decaying matter or soil as saprobes or parasitize ame-
bae or other fungi (Naranjo-Ortiz and Gabaldón 2019). Many species of 
Mucoromycota grow as either plant parasites or mycoparasite. Some members are 
identified as rhizospheric fungi, endophytic fungi, or ectomycorrhizal fungi 
(Bonfante and Venice 2020). Certain species are reported to cause infections in 
humans or animals. However, species belonging to order Mucorales are industrially 
crucial for chitosan production, lipids, and carotenoids. All known representatives 
of Glomeromycota are obligate biotrophs, and almost 90% of the land plants form a 
symbiotic association with members of this group and are referred to as arbuscular 
mycorrhizal fungi. However, certain species (Geosiphon pyriformis) from this clade 
interacts with cyanobacteria (Schüßler 2006). The second most species-rich phylum 
of kingdom fungi is Basidiomycota. The members of this group are recognized by 
the presence of club-like reproductive structures referred to as basidia. More than 
30,000 species have been identified in Basidiomycota. Species of this group are the 
main decomposers of wood and litter and thus play a critical role in the recycling of 
carbon and other nutrients in terrestrial ecosystems. They are also serving as an 
important source of food for both animals and humans. Many species from this 
group can form mutualistic, symbiotic, or pathogenic interactions with plant hosts 
(Zhao et  al. 2017). Approximately two-thirds of all the identified belong to 
Ascomycota, therefore, the largest phylum in the fungal kingdom (Naranjo-Ortiz 
and Gabaldón 2019). Because of this reason, Ascomycota is the dominant species in 
the forest and agroecosystems. They play a significant role in soil stability, decom-
position of plant and animal remains, and forming endophytic interactions with 
plant community. Many ascomycete species form pathogenic relationships with 
animal and plant hosts (Challacombe et al. 2019).

2 Fungi: Essential Elements in the Ecosystems
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Fungi exist in all ecosystems, including freshwater, marine, and terrestrial eco-
systems, and can survive in extreme environments. The proportion of the fungal 
community in aquatic ecosystems depends on the environmental settings, and there 
is a considerable variation within different aquatic habitats (Comeau et al. 2016). 
DNA sequencing studies revealed that, in freshwater habitats, the relative abun-
dance of the fungal community was found to be >50% of all eukaryotic sequences. 
However, in saline aquatic ecosystems, the relative abundance was found to be low 
compared to freshwater systems (Grossart et al. 2019). In the terrestrial ecosystem, 
the diversity is mostly noticed in tropical ecosystems; however, the diversity of 
ectomycorrhizal fungi was found mostly in temperate or boreal ecosystems. 
Previous studies using structural equation models have shown that climatic vari-
ables directly affect fungal richness and diversity, the same as how plant and fungal 
community are positively correlated. The richness of the fungi is also related to the 
distance from the equator and annual mean precipitation. Approximately 0.8–5.1 
million fungal species have been estimated globally (Wardle and Lindahl 2014). It 
is essential to study how the fungal population and diversity are affected due to 
anthropogenic activities and climate change. It is not easy to delve into different 
aspects that show why fungi are essential in our ecosystem. This chapter updates 
insight into how the fungal kingdom members make vital contributions to the eco-
system process and their beneficial services to humanity.

2.2  Fungi as Decomposers and Their Essential Role 
in Agriculture

Most plant species form a direct or indirect association with soil fungi. The fungal 
association with plants plays a substantial role in mobilizing nutrients, common 
pollutants, and radionuclides in agricultural and nonagricultural soils (Steiner et al. 
2002). Plants form an indirect association with saprotrophic fungi in the rhizosphere 
or direct association with mycorrhizal or endophytic fungi. Plant-fungal associa-
tions impart several benefits to plants, including disease resistance, stress resistance, 
plant nutrition, efficient use of underground water, and increased photosynthetic 
ability. The two main groups of fungi in which plants form direct association are 
mycorrhizal and endophytic fungi (Behie and Bidochka 2014a, b). These fungi are 
found in most ecological niches. The term mycorrhiza is derived from the Greek 
words mykes and rhiza, meaning fungus and root, which is used to describe fungal 
association with plant roots. Over 200,000 plant species form an association with 
mycorrhizal fungi, and the 2 major groups of mycorrhizal fungi identified are ecto-
mycorrhizal fungi and endomycorrhizal fungi (Bonfante and Anca 2009). 
Ectomycorrhizal (ECM) fungi belong to Basidiomycota and Ascomycota, forming a 
symbiotic association with roots of woody plants predominantly in forest ecosys-
tems. ECM-root interactions are characterized by the presence of the mycelial 
sheath around the root tips called the mantle, from which the “Hartig net” originates 
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by penetrating the plant root to form a mycelial network around the epidermis and/
or outer cortical cells (Behie and Bidochka 2014a, b; Clasen et al. 2018). ECM is 
considered the functional extension of forest plants, which accounts for the major 
contributor of biomass in forest ecosystems. Furthermore, ECM contributes signifi-
cantly to the decomposition of plant organic matter and can retrieve nitrogen and 
phosphorous from the decomposed plant litter. In forest ecosystems, ECM was a 
critical factor in regulating soil carbon dynamics (Lindahl and Tunlid 2015). 
Understanding the factors that control the stability and storage of nutrients in the 
soil by fungi is vital to mitigate the effects of natural or human-made environmental 
changes.

Endomycorrhizal fungi include arbuscular mycorrhizal, ericoid, and orchid 
mycorrhizal fungi. Arbuscular mycorrhizal (AM) fungi play a significant role in 
managing crop nutrition. Plants often face challenges in obtaining an adequate sup-
ply of soil limiting nutrients such as phosphorus and nitrogen. Many factors affect 
the acquisition of soil nutrients by plant roots. In particular soil types, the nutrients 
may be available in the form that plant roots cannot absorb. Plants compensate for 
this challenge by forming a mutualistic association with AM fungi. AM fungi are 
obligate biotrophs that belong to the phylum Glomeromycota that rely on host plants 
for carbon supply in exchange for mineral nutrients taken up from the surrounding 
environment. The partnership of AM fungi with the host plant is different from 
ECM fungi. Fungal spores germinate on the root surface, and the hyphae then pen-
etrate the cortical cells of roots to establish an intracellular symbiosis by forming 
specialized structures called “arbuscules.” Arbuscules are the main symbiotic inter-
face to exchange nutrients between symbiotic partners. The fungi then produce 
extra-radicular mycelia that grow out to the plant roots to absorb mineral nutrients 
from the soil. This hyphal extension from the root has increased surface contact and 
penetration to the soil, enabling host plants to access nutrients that are otherwise 
inaccessible to roots (Behie and Bidochka 2014a, b).

Phosphate uptake is a major challenge for most plants. AM fungi benefit the host 
plant by facilitating the uptake of poor phosphate ions in the soil. Fungi absorb 
phosphate through extra-radicular mycelium via high-affinity phosphate transport-
ers. Besides, AM fungi facilitate the transport of another soil limiting nutrient, nitro-
gen. Nitrogen is a major requirement for the growth process in plants, as it is needed 
for the synthesis of several compounds and macromolecules, including enzymes, 
other proteins, nucleotides, and certain carbohydrates. Studies have shown that AM 
fungi benefit host plants by assimilating organic and inorganic nitrogen from the 
soil. AM fungus Glomus intraradices encodes multiple ammonium transporter pro-
teins involved in the uptake of ammonia from the soil and subsequent transfer to 
plant hosts (López-Pedrosa et al. 2006; Pérez-Tienda et al. 2011).

Endophytic fungi live within the plant tissues without any disease symptoms. 
Endophytic fungi exhibit a mutualistic or symbiotic relationship with their plant 
counterparts. More than one million fungal endophytes have been estimated, and a 
significant proportion of these fungi belong to Ascomycota. Based on evolutionary 
relatedness, taxonomy, and type of plant hosts, two major types of fungal endo-
phytes have been described: the clavicipitaceous endophytes (class 1) and 
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non- clavicipitaceous endophytes. The classic example of clavicipitaceous endo-
phytes is Epichole sp. predominantly associated with plants belonging to the 
Poaceae family (grasses). Non-clavicipitaceous fungi are primarily isolated from 
both vascular and nonvascular plant species. The non-clavicipitaceous endophytes 
are further divided into three categories: class 2, 3, and 4. Class 2 endophytes can 
colonize both above- and belowground plant parts, whereas class 3 and 4 endo-
phytes are primarily colonized in aboveground and belowground tissues, respec-
tively. The association with endophytic fungi implies several beneficial effects to 
their host plants, including growth promotion and resistance to biotic and abiotic 
stresses. The root colonizing facultative endophyte Piriformospora indica forms a 
symbiotic association with several crops. Studies have shown that the symbiotic 
association of P. indica improved the tolerance of host plants to phytopathogens. 
Moreover, plants colonized with P. indica exhibited systemic resistance to foliar 
pathogens. A study conducted on the endophytic colonization by Fusarium equiseti 
and Pochonia chlamydosporia on barley roots showed increased resistance of barley 
to phytopathogen Gaeumannomyces graminis var. tritici. Furthermore, the coloni-
zation of nematode egg parasitic and endophytic fungus, P. chlamydosporia, 
enhanced the growth of barley under greenhouse conditions (Maciá-Vicente et al. 
2009). P. chlamydosporia demonstrated the ability to colonize a wide variety of 
plants, including monocots and dicots (Moonjely and Bidochka 2019). Endophytic 
insect pathogenic fungus (Metarhizium sp.) can form a symbiotic association with 
several species of monocots and dicots. These fungi also form a parasitic associa-
tion with insect hosts. Studies using stable isotopes (N15) have shown that 
Metarhizium sp. were able to transfer nitrogen from the infected insect to the plant 
host in exchange for carbon (Behie and Bidochka 2014a, b; Behie et  al. 2017). 
Besides, the colonization of Metarhizium imparts resistance to host plants against 
phytopathogen, Fusarium solani (Sasan and Bidochka 2013). These studies suggest 
that the interaction of fungi with the plant hosts and the environment is dynamic and 
diverse than anticipated. These studies also signify the essential role of fungi in the 
ecological cycling of nutrients to plant communities.

Fungi have a significant role in the formation of soil and mineral cycling in soil. 
Soil is created due to the dissociation of parent rock into mineral particles. 
Weathering of parent rock to mineral particles occurs as a result of abiotic and biotic 
factors. As a biotic factor, fungi play an important role in creating the mineral par-
ticles and in modifying the chemical composition of the soil. Both mycorrhizal 
fungi and saprotrophic fungi act synergistically with algae and bacteria in the dis-
solution of parent rock to release mineral nutrients (Dighton 2003). Lichens are the 
symbiotic association with algae and fungi. The fungal counterparts of lichens are 
mainly the species from Ascomycota and Deuteromycota, occasionally with 
Basidiomycota. Lichens contribute to the biogeochemical process of weathering of 
rock to form mineral particles by providing water and organic acids. The lichens act 
as a point of condensation of water, especially in dry areas, thus acting as a center 
of “water-related rock-weathering process.” Moreover, the presence of lichens 
increases the carbon dioxide concentration due to its respiration which subsequently 
combines with water to form carbonic acid. Carbonic acid is a weak organic acid 

S. Moonjely



25

that contributes to the dissolution of calcium-rich rocks. Lichens also contribute to 
the chemical weathering of rocks by producing organic acids such as oxalic, citric, 
lichenic, and tartaric acid. In addition, fungus alone has the ability to solubilize 
rocks such as Aspergillus niger (solubilization of metamorphic rocks), Penicillium 
(solubilization of calcium-rich rocks), and Resinicium bicolor (solubilization of 
strontianite) (Dighton 2003).

2.3  Role of Fungi in the Food and Pharmaceutical Industry

Many fungal species form a significant part of the human diet. In boreal ecosystems, 
mushrooms are the staple food for reindeers and moose. Moreover, fungal hyphae, 
spores, or truffles form the food for soil-inhabiting insects and small rodents 
(Dighton 2003). More than 2500 fungal species are reported to be edible mush-
rooms. However, the harvest of many edible mushrooms has been found to decline 
due to the change in their natural environment (Yun and Hall 2004). Certain edible 
mushrooms are in high demand in the world market, with an annual value of US$ 2 
billion. The commercially available edible mushrooms include Volvariella volvacea 
(straw mushroom), Pleurotus ostreatus (oyster mushroom), Agaricus bisporus 
(small button or large portobello mushroom), and lentinula edodes (Shiitake mush-
room). Edible mushrooms are an excellent source of protein, essential amino acids, 
β-carotene, and dietary fiber, and most edible mushrooms can be easily cultivated at 
a low cost. Certain edible mushrooms have medicinal properties as well. Species of 
Pleurotus sp. can be easily grown on straw or other lignocellulose waste from agro 
biomass (Ghorai et al. 2009).

Many ingredients used for food processing are derived from fungi through indus-
trial fermentation. Fungi are used as biotransformation agents to produce organic 
acids, food colorants, vitamins, fatty acids, and enzymes. Fungi can produce pig-
ments and colorants for the food industry, including carotenoids, melanins, flavins, 
phenazins, quinones, monascins, violacin, and indigo. Some strains of Monascus 
sp. produce red and yellow pigments. Aspergillus sp. found to synthesize red pig-
ment were found to produce yellow (physcion and emodin) and red (erythroglaucin 
and catenarin) compounds (Caro et al. 2012). Similarly, species of Eurotium sp. and 
Dermocybe sp. have also been identified to produce yellow and red pigments 
(Bechtold and Mussak 2009; Gessler et al. 2013). However, the pigment produced 
by many of these fungi has not been approved as a food colorant in many countries 
due to safety concerns. Many of these pigments were found to be contaminated by 
toxic metabolites (e.g., citrinin) (Dufossé et al. 2014).

More than 95% of the global citric acid production is through industrial fermen-
tation using fungi. Citric acid is an important component in jams, jellies, beverages, 
and frozen foods. It is mainly included in food as an additive for tartness or pH regu-
lator. The most common fungal species used in the production of citric acid is 
A. niger. The other species that are reported to produce organic acids are A. wentii, 
P. citrinum, and Candida lipolytica. Enzymes have a wide variety of uses in food 
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processing as a clarifier or as a hydrolysis agent. Filamentous fungi are the primary 
source of many enzymes such as amylases and proteases by Aspergillus sp., inver-
tase by Saccharomyces sp., lactase by Aspergillus sp. and Kluyveromyces sp., and 
galactosidase by Mortierella vinaceae (Copetti 2019).

Saccharomyces cerevisiae, commonly known as baker’s yeast, is the most exten-
sively used microorganism in the food industry and household for food purposes 
(Ghorai et al. 2009). Yeast mediated biochemical transformations are widely used 
for brewing, preparing beverages, and fermenting baking goods. There are several 
properties of S. cerevisiae that make it excellent for industrial use, particularly in the 
brewing industry, including efficient growth properties and tolerance to environ-
mental stress. Dried S. cerevisiae has been used as animal feed because of its high 
nutritive value and is an excellent source of protein for feeding livestock, including 
cattle and other ruminants (Ferreira et al. 2010).

2.4  Fungi as Biocontrol Agents

2.4.1  Entomopathogenic Fungi

Several fungi have been identified as biological control agents against plant patho-
gens and insect pests. It is an economically feasible and environment-friendly 
approach to control pest damages. A biological control refers to the use of living 
organisms to control the population density of a pest organism. One of the signifi-
cant causes of crop loss is insect pests in an agricultural setting, and the potential of 
entomopathogenic fungi to control the insect pests in agricultural settings has been 
in use in several countries. Approximately 700 species of entomopathogenic fungi 
have been identified; however, the species from Isaria, Metarhizium, Beauveria, 
and Lecanicillium have been commercially produced and used as mycoinsecticides. 
The entomopathogenic lifecycle starts with the attachment of fungal conidia on the 
insect cuticle. The initial adherence of fungal conidia on the insect cuticle is facili-
tated by hydrophobic interactions or via the expression of specific proteins. For 
example, in Metarhizium sp., the specific protein, Metarhizium adhesin 1 (Mad 1), 
is involved in the initial attachment of fungal spores to insect cuticle (Wang and St. 
Leger 2007). The adhered fungal conidia subsequently germinate and form special-
ized infection structures called appressoria. Appressoria penetrates the insect exo-
skeleton through a combination of mechanical pressure and enzymatic activity. The 
fungi employ enzymes including proteases, chitinases, esterases, and lipases for the 
degrading insect cuticle. Once inside the insect hemocoel, the fungi differentiate 
into yeastlike bodies called blastospores. These fungi are capable of exhibiting dif-
ferent adaptive mechanisms to evade the insect immune system. The fungus multi-
plies in the insect hemocoel, and once the nutrient is depleted, the fungi emerge out 
of the insect cadaver and mummify the insect (Moonjely et  al. 2016). 
Entomopathogenic fungi-based biocontrol formulations are an important alternative 
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to chemical pesticides and may limit the need for environmentally damaging 
nitrogen- rich fertilizers, contribute to improved plant productivity, and improve 
agricultural soil quality.

2.4.2  Nematophagous Fungi

Another biologically important class is the nematophagous or nematicidal fungi, 
which can digest or trap nematodes. More than 700 species of nematophagous fungi 
to have been identified belong to different phyla, including Ascomycota, 
Basidiomycota, Chytridiomycota, and Zygomycota, that have the ability to trap or 
consume nematodes, springtails, or amebae (Li et al. 2015). These fungi exist in 
natural and agricultural soil as saprotrophs and play a critical role in recycling car-
bon, nitrogen, and other elements that originated from the nematode’s degradation. 
Nematicidal or nematophagous fungi are divided into four groups: endoparasitic, 
predator, ovicidal fungi, and toxin-producing fungi (Braga and De Araújo 2014).

Endoparasites use conidia to infect nematodes. The majority of the endoparasitic 
fungi are obligate parasites, and therefore they have no or limited saprophytic phase. 
The infection process of endoparasitic fungi is similar to entomopathogenic fungi, 
in which the infection process initiates when the fungal conidia adhere to nematode 
cuticle or the nematode sensory structures. After initial attachment, the fungi 
develop the infection vesicles in the cuticle layers and then produce hyphae respon-
sible for absorbing the nutrients from the nematode. Generally, the fungi kill the 
nematodes within 3 days, and new conidia emerge out from the nematode cadaver. 
Endoparasitic fungi have a limited market as a biological control agent. Because of 
its obligate parasitic lifestyle, limited or no saprophytic phase, and restricted host 
range, its in  vitro production is difficult and expensive on an industrial scale. 
Nematophagous predators are referred to as nematode-trapping fungi that belong to 
a monophyletic group in the order of Orbiliales. The main species identified as 
predator-type nematophagous fungi belong to the genera Arthrobotrys, Dactylellina, 
Drechslerella, Duddigtonia, and Monacosporium. They live saprophytically in the 
terrestrial as well as aquatic ecosystems and produce specialized hyphae to trap 
nematodes. These fungi create specialized trapping devices, and the morphology of 
the trapping structure varies among different species, including constricting rings, 
adhesive nodules, adhesive networks, adhesive columns, or non-constricting rings 
(Li et  al. 2015). The process of trapping of nematodes has been described in 
Arthrobotrys oligospora, one of the best-studied nematode-trapping fungi that cap-
ture nematodes through adhesive network traps. A. oligospora exhibits a dual life-
style, lives in soil or decaying matter as a saprophyte, colonize plant roots, and can 
parasitize other fungi as well. A. oligospora recognizes the presence of nematode 
and initiates a multistep nematode infection process including attraction, recogni-
tion, trap formation, adhesion, penetration, and immobilization. The presence of the 
nematodes and other environmental factors such as low nutrients induce the sapro-
trophic mycelium to switch to parasitic phase (Yang et  al. 2011). The adhesive 
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network trap of Arthrobotrys consists of several loops connected to each other in a 
three-dimensional form, whereas the genus Monacosporium produces adhesive 
knobs and branches to capture nematodes. Genus Dactylellina is characterized by 
stalked adhesive knobs or non-constricting rings. Constricting ring nematode trap is 
the characteristic feature of the genus Dreschslerella (Li et al. 2015; Vidal-Diez de 
Ulzurrun and Hsueh 2018). Subtilisin-like serine proteases have been identified as 
the main virulence factor in nematode-trapping fungi to breach the collagenous rich 
nematode cuticle (Yang et al. 2011).

Helminth infections are one of the major problems in livestock management. 
Effective biological control of gastrointestinal nematodes in horses using nematode- 
trapping fungi has been described. The sodium alginate pellets containing fungal 
mycelia formulations of Duddingtonia flagrans were orally given to horses at 
15-day intervals for 6 months. The analysis of the fecal samples has shown a signifi-
cant reduction of nematode egg count in D. flagrans treated horses (Braga et al. 
2009). Similarly, another species of the nematode-trapping fungi, Monacosporium 
thaumasium, was found effective in controlling cyathostomin larvae in horses in 
Brazil (de Oliveira Tavela et al. 2011). Cyathostomin infections have been described 
as a major cause of colic and diarrhea in horses. These studies show the potential of 
nematophagous fungi as a promising biological control agent in parasite disease 
management in domestic animals. However, the duration of treatment, the correct 
interval between the treatment, and the dose administered to the animals are crucial 
to the effectiveness of any biological control strategy (Buzatti et al. 2015). Ovicidal 
fungi target immobile stages of nematodes and use appressoria to parasitize nema-
tode eggs and cysts. These fungi have great potential in controlling the density of 
viable nematode eggs in the soil that are harmful to animal or plant health. Several 
species from Ascomycota have been identified as ovicidal fungi, including 
Paecilomyces lilacinus, Clonostachys rosea, Dactyella ovoparasitica, Lecanicillium 
psalliotae, and Pochonia chlamydosporia. Some of the ovicidal fungi identified are 
soil-inhabiting fungus as well. Therefore, these fungi can be easily grown in the 
laboratory for biological control applications. The eggshells of nematodes are made 
up of protein and chitin. Egg parasitic fungi produce hydrolytic enzymes, such as 
protease and chitinases, to disintegrate the eggshell layers. Ovicidal effects have 
been classified into three types. In type 1 effect, the hyphae do not colonize inter-
nally in the eggs but result in lytic effect. The infection of fungi does not cause any 
morphological damage to the eggshell. Type 2 effect is similar to type 1 effect; 
however, the fungi cause alters the morphology of the eggshell and the embryo. In 
type 3 effect, the fungal hyphae penetrate and colonize internally and cause subse-
quent morphological alterations to the nematode eggshell and embryo (Braga and 
De Araújo 2014).

Phytoparasitic nematodes are one of the major causes of global annual crop loss, 
which accounts for an average of 12.3%. Approximately 4100 plant parasites have 
been reported, which cause symptoms such as wilting, nutrient deficiency, root 
lesions, reduced flowering, poor yield, or death of the plant (Degenkolb and 
Vilcinskas 2016). Several members of the Pleurotus genus produce nematotoxic 
microdroplets that paralyze nematodes. Approximately 280 species from 
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Ascomycota and Basidiomycota have been identified to produce nematicidal metab-
olites. Approximately 179 compounds belonging to different chemical classes were 
isolated. The chemical class includes alkaloids, peptides, terpenoids, macrolides, 
oxygen heterocycle, and benzo compounds, quinones, and sterols (Li et al. 2015). 
These metabolites have nematicidal properties and therefore are an environmentally 
safe approach to be used to fight against phytoparasitic nematodes.

2.5  Fungi as a Source of Bioactive Compounds

The role of fungi in producing pharmaceutically important compounds has been 
known since the discovery of the antibiotic penicillin by Alexander Fleming in 
1929. Penicillin was first identified in a fungus Penicillium sp. which belongs to 
Ascomycota. Bioactive compounds produced by fungi have yielded metabolites of 
therapeutic applications, including immunosuppressants, cholesterol-lowering 
agents, prebiotics, antitumor agents, antimicrobials, and antiparasitic drugs (Demain 
and Martens 2017). Cyclosporin is widely used as an immunosuppressant drug after 
organ transplant surgery and is a fungal metabolite produced by Tolypocladium 
nivenum (Liu et al. 2015). Cyclosporins have antiviral properties and were found 
active against coronavirus. The biosynthesis of another immunosuppressant, antivi-
ral, and antitumor drug has been reported in P. stoloniferum. Several fungal genera 
(Penicillium, Aspergillus, Monascus, Doratomyces, Eupenicillium, Gymnoascus, 
Hypomyces, Paecilomyces, Trichoderma, Pleurotus) have the ability to produce 
statins, the hypolipidemic drug (cholesterol-lowering drug). The synthetic produc-
tion of Taxol, a steroidal antitumor drug, is unfeasible due to its complex chemical 
structure. Fungal species such as Taxomyces, Pestaltipsis, Tubercularia, Phyllosticta, 
Metarhizium, Colletotrichum, Fusarium, and Pestalotiopsis have the ability to pro-
duce Taxol (Demain and Martens 2017).

The intimate association of fungal partners suggests a continuous metabolic 
interaction with the host plant (Brader et  al. 2014). Research on these complex 
interactions, and the subsequently secreted metabolome, have led to the discovery 
of many novel bioactive molecules of pharmaceutical importance, including pacli-
taxel, camptothecin, podophyllotoxin, hypericin, and emodin (Kusari and Spiteller 
2011). Several of the pharmacologically important metabolites were originally 
thought to be derived from plants; however, it has later been revealed that many 
fungal endophytes residing in plant roots are able to synthesize the same metabo-
lites that occur in plants. Previous studies have revealed the similarity of biosyn-
thetic pathways of plant-associated metabolites in both plants and endophytic fungi. 
This suggests the potential for the independent production of these secondary 
metabolites by endophytic fungi. It has been suggested that the genetic recombina-
tion of an endophyte with its plant partner has led to the integration of these biosyn-
thetic genes. It has also been hypothesized that endophytes possess gene clusters 
that have remained silent during coevolution and might be activated by suitable 
ecological associations (Aly et  al. 2011; Kusari and Spiteller 2011). A deeper 
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understanding of the expression of biosynthetic genes during plant-fungal associa-
tion will help to optimize metabolite production under laboratory conditions. The 
microbial diversity found in the rhizosphere of medicinal plants and their potential 
role in eliciting plant secondary metabolites are well documented (Kaul et al. 2012). 
The relationship of plant hosts with fungal root colonizers is often a balanced sym-
biotic interaction, characterized by reciprocal nutrient exchange, whereby fungus 
received plant-derived carbon sources in exchange for limited soil nutrients (Aly 
et al. 2011). Fungal endophytes usually perform compatible interactions with the 
host plant, which not only contribute to the growth promotion but simultaneously 
contribute to the secondary metabolite accumulation in the plant during abiotic and 
biotic stress (Kusari and Spiteller 2011). A study performed on mycorrhizal (Glomus 
sp.) colonization on annual wormwood, Artemisia annua L plants, revealed 
enhanced yield in artemisinin (antimalarial drug) along with other terpenes 
(Rapparini et al. 2008).

Entomopathogenic and nematophagous fungi have the potential for the synthesis 
of bioactive compounds or secondary metabolites. Many of these secondary metab-
olites have pharmaceutical, nematicidal, or insecticidal properties. In endophytic 
insect pathogenic fungi (EIPF), Metarhizium robertsii, 85 genes that have been 
involved in the biosynthesis of secondary metabolites have been identified, encod-
ing non-ribosomal peptide synthetases (NRPS), NRPS-like, polyketide synthases 
(PKS), PKS-like, and hybrid NRPS-PKS (Gibson et al. 2014). Metarhizium sp. is 
known for producing cyclic depsipeptides, destruxins. Destruxins are well-known 
for their insecticidal property and have been used as an alternative for chemical 
insecticides in controlling pests in agroecosystems. Destruxins are also known for 
their immunosuppressive (Pal et al. 2007), phytotoxic (Pedras et al. 2000), antipro-
liferative (Yeh et al. 2012), and cytotoxic effects (Dornetshuber-Fleiss et al. 2013). 
Recently, the role of destruxins in osteoporosis and cancer therapy was reported due 
to their activity as vacuolar H+-ATPase inhibitor (Liu and Tzeng 2012). In some cell 
types, vacuolar H+-ATPases are linked to disease progression, including osteoporo-
sis and cancer (Holliday 2017), and therefore vacuolar H+-ATPase inhibitors like 
destruction is a potential target for such diseases.

Several secondary metabolites have been identified in EIPF Beauveria bassiana 
as well. Of these, the well-studied metabolites are beauvericin and bassionolide. 
Beauvericin is a cyclic hexadepsipeptide, known for its insecticidal, antimicrobial, 
antiviral, and antitumor activities (Wang and Xu 2012). Studies have also shown its 
potential to reverse the multidrug resistance in yeast. The biosynthesis of beauvericin 
is reported in multiple fungal species, including nematophagous and plant coloniz-
ing fungi Paecilomyces and Fusarium, respectively (Gibson et al. 2014). Brassinolide, 
a octacyclo depsipeptide isolated from fungal species including Beauveria sp. (Xu 
et al. 2009), Lecanicillium sp. (Ravindran et al. 2018), and Xylaria sp. (Jirakkakul 
et al. 2008), is reported as cytotoxic, and antiplasmodial and antimicrobial activities 
were assessed in vitro. Apart from these, bassianolide also demonstrated inhibitory 
activity on acetylcholine-induced smooth muscle contraction. Moreover, 48 second-
ary metabolite biosynthetic gene clusters are predicted in EIPF B. bassiana, includ-
ing 13 NRPS, 12 PCS, 7 NRPS-like, 1 PKS-like, 3 hybrid NRPS-PKS, and 12 genes 
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related to the biosynthesis of terpene/steroid (Gibson et al. 2014). The biosynthesis 
of fumosorinone, a potential drug target for the treatment of metabolic syndromes 
like type 2 diabetes, has been identified in entomopathogenic fungi Isaria fumosoro-
sea (Liu et al. 2015). These studies suggest the potential of many members in the 
fungal kingdom to contribute to the production of bioactive metabolites with phar-
maceutical and other industrial applications. Fungi have provided significant contri-
bution to the field of pharmaceutical industry (Table 2.1).

2.6  Conclusion

Fungi have made significant contributions to several fields that are beneficial to the 
environment and human health. The fungal kingdom evolved a close interaction 
with the environment, plant, and animals as a part of the evolution process. Previous 

Table 2.1 Some pharmaceutical compounds produced by fungi

Product Function/application Source References

Asterriquinone Anticancer Aspergillus terreus
Humicola grisea

Li (2010)

Camptothecin Anticancer Entrophospora infrequens Tansuwan et al. 
(2007)

Cephalosporin Antimicrobial Cephalosporium acremonium Cruz et al. (2004)
Cyclosporin Immunosuppressant Tolypocladium inflatum Bushley et al. 

(2013)
Ergot alkaloids Oxytocic effect

Migraine relief
Claviceps purpurea Schardl et al. 

(2006)
Fumosorinone Metabolic syndrome 

drug
Isaria fumosorosea Liu et al. (2015)

Mevalonin Antibiotic A. terreus

Mycophenolic 
acid

Immunosuppressant
Antiviral
Antitumor

Penicillium stoloniferum
P. viridicatum
P. Brevicompactum

Min et al. (2019)

Penicillin Antimicrobial Penicillium chrysogenum Müller et al. 
(1991)

Statins Hypocholesterolemic 
drug

Aspergillus terreus, Penicillium 
sp.
Trichoderma

Subhan et al. 
(2016)

Sclerotiorin Apoptotic properties Cephalotheca faveolata Giridharan et al. 
(2012)

Taxol Anticancer Metarhizium, Taxomyces, 
Pestaltipsis, Tubercularia, 
Phyllosticta, fusarium

Demain and 
Martens (2017)

Ustilagic acid Antimicrobial Pseudozyma fusiformata
Ustilago maydis

Kulakovskaya 
et al. (2005)

Xylariaquinone 
A

Antimalarial Xylaria sp. Tansuwan et al. 
(2007)
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studies have established the beneficial role of fungi plant colonizer to improve plant 
health and a sustainable source for producing bioactive molecules and other lifesav-
ing drugs. However, little is known about how fungal interactions affect vital eco-
system functions due to climate or anthropogenic changes, which is an important 
topic to consider for research. More studies are needed on the genetic aspects of the 
persistence of different fungal populations in our ecosystems and their interactions 
with different hosts due to climate change.
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3.1  Introduction

Temperature is closely related to fungal biology, affecting various processes such as 
growth, reproduction, spore formation, germination, and indeed all activities of the 
organism (Paterson and Lima 2019). The values of environmental temperature 
allow fungi with limits outside a certain range of variation to be excluded. This 
occurs because the tolerable conditions do not allow it to develop or to complete its 
life cycle. This exclusion effect is immediate and determines the fungal populations 
that are present in certain habitats. There may also be a less immediate effect 
whereby this environmental factor may have a selective effect among fungi whose 
development ranges are within the ambient temperature range. In this way, fungi 
whose optimum temperatures are close to the prevailing temperature will be the 
most favored (de Menezes et al. 2019). In this way, this environmental factor affects 
the ecology of fungi.

Each fungal species has a growth rate to a certain temperature, and hence cardi-
nal temperatures have been identified. These are the minimum temperature where 
growth occurs, the optimum temperature where optimal growth occurs, and the 
maximum temperature at which it can grow (Fig. 3.1). In the temperature-growth 
rate curve, there is characteristically a linear portion in which growth increases 
directly with temperature, an optimum range that may be narrow or rather broad, 
and a descending limb as the temperature becomes too high for growth 
(Cochrane 1958).

According to the response to this environmental factor, fungi have been classi-
fied as psychrophilic, mesophilic, thermotolerant, and thermophilic (Fig. 3.2). There 
are divergences in the grouping and classification of some species because it is 

Fig. 3.1 Typical curve of growth as a function of temperature. Minimum, optimum, and maxi-
mum temperature where growth occurs
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difficult to specify precisely the limits in each group. However, this classification 
helps to understand the relationship of fungal growth with this environmental factor. 
There is evidence that in the same species there may be a variable range of response, 
which shows certain diversity (Rangel et al. 2005).

Few fungi are psychrophilic or psychrotolerant, with the ability to survive but not 
to grow at temperatures below 5 °C (Fig. 3.2). Such is the case of Humicola marvi-
nii reported by Weinstein et al. (1997) on Signy Island, Antarctic. In this group, the 
term psychrophilic has also been proposed, for those organisms that have an opti-
mum growth at temperatures not higher than 16 °C and a maximum at around 20 °C 
(Morris and Clarke 1987). Most of the known fungi are mesophilic and can develop 
between 10 and 35 °C, with optimum growth temperature between 20 and 30 °C 
(Cooney and Emerson 1964). Hassikou et al. (2003) reported the mesophilic growth 
rates of a Curvularia lunata strain isolated from a rice crop. Relatively few fungi 
can grow at temperatures above 37 °C, and it is suggested that the upper limit for the 
growth of any fungus is approximately 62 °C. This group of fungi that can grow at 
high temperatures is thermophilic, with minimum growth of about 20 °C, optimal 
development in the range of 40 to 50 °C, and a maximum of up to 50 °C or more. 
For example, some hyphomycetes isolated from hot springs by Tansey (1973) had a 
maximum growth temperature of 61.5 °C (Brown and Fritz 2019). Such is the case 
of Chaetomium thermophile reported by La Touche (1950) from fermenting straw 
compost. Fungi, being eukaryotic organisms, are much more sensitive than other 
domains of life (Archaea and Bacteria), and at temperatures above 65  °C, their 
membranes become more sensitive or can be irreparably damaged. However, since 
the investigations of Cooney and Emerson (1964), several fungi that can develop at 
high temperatures have been described. The information on the taxonomy, physio-
logical characteristics, and ecology of these fungi capable of surviving under high 
temperatures has been provided (Maheshwari et al. 2000).

There are mesophilic fungi that may have the ability to survive or maintain via-
bility at high temperatures and are classified as thermotolerant. Such is the case of 

Fig. 3.2 Temperature ranges for the growth of some psychrophilic, mesophilic, thermotolerant, 
and thermophilic fungal species.  Optimum temperature range,  temperature range of fun-
gal growth
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Lichtheimia ramosa reported by André et al. (2014) from Brazilian soil (Fig. 3.2). 
This group is distinguished from those with the true ability to actively grow as a 
thermophilic at high temperatures (Magan 2007). Thermophilic and thermotolerant 
fungal species are distinguished based on their minimum and maximum growth 
temperature (Fig. 3.2). Thermophilic fungi have a minimum growth temperature of 
20 °C or higher and a maximum growth temperature of 50 °C or higher. However, 
thermotolerant have a wider growth temperature range, ranging from less than 
20  °C to about 55  °C (Cooney and Emerson 1964; Maheshwari et  al. 2000). 
Thermotolerant species can often be part of fungal communities that colonize a 
variety of humid organic substrates and where temperatures can be high. These 
substrates include hay, straw or cereal-based fertilizers, bird nests, and tropical soils 
(Magan 2007).

Evans (1971) studied more than 30 species isolated from coal spoil tips and 
delineated the differences between thermophilic and thermotolerant, according to 
their growth at various temperatures. The aforementioned study argued that the defi-
nition of Cooney and Emerson (1964) was becoming artificial and obscure, delimit-
ing heat-tolerant fungi into three groups. Group 1 (strong thermophilic) constitutes 
the obligate thermophilic, while Group 2 (weak thermophilic) and Group 3 (strong 
thermotolerant) species form a transition stage between true thermophilia and gen-
eral thermotolerance. This last term covers the species included in Group 4 (thermo-
tolerant in general). Then it was suggested that the strains of certain fungi were 
transitional between the thermophilic and thermotolerant groups (de Oliveira and 
Rodrigues 2019). In this sense, a thermotolerant fungus could grow at 45  °C or 
higher, usually with a maximum close to 50  °C, but it can also grow below 
20 °C. Another important contribution from Evans (1971) is the identification of 
two broad groupings within thermotolerant. In one group were strong thermotoler-
ant fungi that grew well at 50 °C and often up to 55 °C. However, they grew little at 
temperatures below 20 °C, with a minimum growth temperature close to this tem-
perature. Due to this behavior, he did not consider them to be true thermophilic 
(Fig. 3.3). The other group was generally termed thermotolerant, as they grew well 
over a wide temperature range. Species in this group had their optimum at around 
40 °C, were able to grow at temperatures well below 20 °C, and mostly grew very 
slowly or not at all above 50 °C.

The thermotolerance of some fungal species may also allow a less immediate 
exclusion effect in the face of an increase in this environmental factor, with ecologi-
cal implications. In nature, the temperature fluctuates intraday (i.e., day and night), 
between seasons (i.e., spring, summer, autumn, winter, dry period-rainy period), 
and even between long-time series (Roy and Bhattacharya 2020). This contributes 
to the fact that habitat conditions are generally not always optimal for the same 
fungal population and is related to cyclical patterns of species succession in 
communities.
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Fig. 3.3 Optimal, minimum, and maximum temperatures for the growth of some thermotolerant 
fungi.  Optimal temperatures,  minimum and maximum temperatures (Data from Evans 1971)
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3.2  Mechanisms of Fungal Thermotolerance

Temperature can exert a marked influence on all aspects of fungal development, and 
various cellular processes contribute to the tolerance of different fungi to wide 
ranges   of this abiotic factor. Joshi et al. (2020) based on what was argued by Grime 
(1977) suggest that fungi use strategies to survive and thrive in different environ-
ments. This is based on evidence for the existence of three primary strategies and 
their relevance to ecological and evolutionary theory. These three primary strategies 
can be competitive, stressful, and rude, but there may even be secondary strategies 
in combination. Competitive strategies are used when conditions are not stressful 
and maximize the exploitation of resources. Competitive characteristics are evident 
in fungi such as Armillaria mellea and Serpula lacrymans, which are responsible 
for long-term infections of timber and produce a consolidated mycelium which may 
extend rapidly through the production of rhizomorphs. Stress strategies involve 
adaptation to ongoing stress. Examples of stress-tolerant fungi appear to include the 
slow-growing basidiomycetes, which form the terminal stages of fungal succession 
on decaying matter, and the various fungi that occur in lichens and ectotrophic 
mycorrhizas. All of the stress-tolerant fungi are characterized by slow-growing, 
relatively persistent mycelia and low reproductive effort. Ruderal strategies are used 
under conditions rich in nutrients drastically disturbed by reducing their availability 
and increasing the reproductive potential of the fungus. Ruderal lifestyles are par-
ticularly characteristic of the mucorales, in which most species are ephemeral colo-
nists of organic substrates. These fungi grow exceedingly rapidly and exploit the 
initial abundance of sugars, but as the supply of soluble carbohydrate declines, they 
cease mycelial growth and sporulate profusely.

The optimum temperature for growth is usually defined as the temperature at 
which the growth rate is maximum. This phenotypic character is related to the 
occurrence and velocity of various cellular and biochemical processes involved in 
growth. The involvement of these mechanisms has also been hypothesized to 
explain the basis for thermophilia and thermotolerance (Crisan 1973; Magan 2007). 
These cellular and biochemical processes include lipid solubilization, rapid resyn-
thesis of essential metabolites, molecular thermostability, and ultrastructural 
thermostability.

Structural thermostability is of vital importance since there is the possibility that 
solubilization of cellular lipids occurs at high temperatures, with the danger that the 
cells lose their integrity. An increase in temperature can result in cellular lipids that 
contain more saturated fatty acids that have a higher melting point than those pres-
ent in most mesophilic that do not show thermotolerance and that contain markedly 
less saturated lipids. Therefore, this characteristic contributes to maintain cell integ-
rity at higher temperatures than in the case of mesophilic. It has also been suggested 
that increased fluidity of saturated lipids at high temperatures may enable metabolic 
activity and cell function to allow active growth at temperatures above 40  °C 
(Magan 2007).
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Several investigations have focused on the ability of various fungi to produce 
heat shock proteins (HSP) when exposed to extreme temperatures (Tiwari et  al. 
2015; Wang et al. 2020). In heat shock, HSPs perform the equally important but 
different function of molecular chaperones. They participate in the stabilization of 
proteins and the adaptive modification of the composition of cellular proteins. This 
includes the identification of defective proteins, their partial proteolysis and refold-
ing, as well as the control of the folding of newly synthesized polypeptides. 
However, the work on fungal HSPs is less than on other organisms. The studies 
carried out in Aspergillus nidulans, Neurospora crassa, Saccharomyces cerevisiae, 
and Schizophyllum commune stand out (Ewaze et al. 2007; Higgins and Lilly 1993; 
Newbury and Peberdy 1996). In most of the referred cases, the studies have involved 
the exposure of strains of these species to temperatures between 45 and 55 °C. Such 
conditions have been found to reduce the growth but not the development of aerial 
hyphae and often result in the appearance of various proteins that are rapidly syn-
thesized or increased. In the basidiomycete Schizophyllum commune, proteolytic 
processes were also found to be significantly affected by such exposure (Higgins 
and Lilly 1993; Magan 2007). Different fugal HSPs related to thermotolerance were 
reviewed by Tiwari et al. (2015) based on their molecular weight, cellular localiza-
tion, and functional characterization. Mainly expression of Hsp10, Hsp30, Hsp60, 
Hsp90, and Hsp104 increased in fungi exposed to heat stress (Table 3.1).

Fungi exposed to nonlethal heat shock can acquire resistance to lethal heat shock 
and then turn on acquired thermotolerant (Tereshina 2005). Piper (1993) reported 
molecular events associated with the acquisition of heat tolerance by the yeast 
Saccharomyces cerevisiae. Cells of this yeast that grow optimally at 25 °C acquire 
resistance to a lethal temperature of 50 °C when exposed to a temperature of 37 °C.

Maheshwari et al. (2000) reported acquired thermotolerance in mesophilic spe-
cies, related to a greater survival at a lethal temperature, after a brief exposure to 
sublethal temperatures. The nonlethal heat shock could be associated with some 
mechanisms: synthesis of HSPs, synthesis of trehalose (up to 0.5 M), maintenance 
of intracellular pH through regulation of membrane ATPase activity, a decrease in 
the water activity and/or its redistribution in cytosol compartments, and detoxifica-
tion of reactive oxygen species (Piper 1993; Tereshina 2005; Wang et al. 2020).

Attention has been more frequently focused on HSPs, which can be synthesized 
at high levels in response to brief exposure (i.e., 1 h) to high temperatures, such as 
45–55 °C (Deacon 2013). HSPs are ubiquitous, present both under normal condi-
tions and at elevated temperatures, and act as chaperones, ensuring that the cellular 
proteins fold correctly and that damaged proteins are destroyed. Maheshwari et al. 
(2000) stated that the synthesis of HSPs is an adaptive response to increased ther-
motolerance and survival in stressful conditions. Trent et al. (1994) observed that 
conidia of Thermomyces lanuginosus, germinated at 50 °C and subjected to heat 
shock at 55 °C for 60 min before exposure to 58 °C, showed greater survival com-
pared to non-shocked conidia thermal. The experimental evidence they obtained 
allowed them to detect an increase in the synthesis of eight HSPs at 55  °C 
(Maheshwari et al. 2000; Magan 2007). Guimaraes et al. (2011), Iyalla (2017), and 
Zhang and Xu (2018) reported that a transient synthesis of HSP60 was involved in 
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the development of Histoplasma capsulatum and orchestrates the adaptation to 
high-temperature stress. Advances in the sequences of the complete genome of ther-
motolerant fungi will make it possible to examine the physiological pathways 
involved and the number of genes that regulate their production, which will allow a 
more complete understanding of the groups of genes involved in this process and 
therefore in thermophilia or thermotolerance.

In addition to the function of HSPs at elevated temperatures, the concomitant 
production of polyhydric alcohols (polyols) has also been detected (Magan 2007; 
Maheshwari et al. 2000). Polyols (i.e., glycerol and mannitol) also tend to accumu-
late in response to stress conditions. Heat stabilizing factors in the cytosol can also 
contribute to the thermostability of enzymes (Deacon 2013).

It is also suggested that trehalose acts as a general protector against stress in the 
cytosol and stabilizes the membranes during dehydration. Tereshina (2005) stated 
that the parallel synthesis of HSPs and trehalose occurs in response to heat shock 
and is related to the acquisition of thermotolerance by fungal cells.

Table 3.1 Some fungal heat shock proteins related to thermotolerance

HSPs Cellular location Fungi References

HSP10 Mitochondria Saccharomyces 
cerevisiae
Aureobasidium 
melanogenum

Ricke and Bielinsky (2006), Tiwari 
et al. (2015), Jia et al. (2018)

HSP12 Cytoplasm, cell wall, 
plasma membrane

Saccharomyces 
cerevisiae

Varela et al. (1995), Welker et al. 
(2010), Tiwari et al. (2015)

HSP30 Plasma membrane Saccharomyces 
cerevisiae

Amoros and Estruch (2001), 
Tiwari et al. (2015)

HSP40 Cytosol, mitochondria, 
endoplasmic reticulum

Lentinula edodes Hartl and Hayer-Hartl (2002), Fan 
et al. (2003), Tiwari et al. (2015)

HSP42 Cytosol Aspergillus 
fumigatus

Haslbeck et al. (2004), Ghazaei 
(2017), Tiwari et al. (2015)

HSP60 Mitochondria, cytosol Penicillium 
marneffei

Chandler et al. (2008), Cappello 
et al. (2009), Tiwari et al. (2015), 
Bakar et al. (2020)

HSP70 Cytosol, nucleus, 
endoplasmic reticulum, 
ribosomes, mitochondria

Vairimorpha 
necatrix
Trichoderma sp.
Candida albicans

Hirt et al. (1997), Montero- 
Barrientos et al. (2008), Leach 
et al. (2012), Tiwari et al. (2015)

HSP78 Mitochondria Vairimorpha 
necatrix

Hirt et al. (1997), Tiwari et al. 
(2015)

HSP90 Cytosol, endoplasmic 
reticulum, nucleus

Saccharomyces 
cerevisiae
Candida albicans

Sorger (1991), Leach et al. (2012), 
Tiwari et al. (2015), O’Meara et al. 
(2017)

HSP104 Cytosol Saccharomyces 
cerevisiae
Cryptococcus 
neoformans

Boreham and Mitchel (1994), 
Glover and Lindquist (1998), 
Tiwari et al. (2015), Yang et al. 
(2017)
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Among the roles of trehalose are to reserve carbohydrate used during germina-
tion and in the storage process of fungal spores, membrane protector under various 
types of stress (thermal, oxidative, and osmotic stresses and stresses caused by 
heavy metals, drugs, and metabolic inhibitors), regulator of the glycolysis process 
and the cellular concentrations of glucose and ATP, and chemical chaperone 
involved in the stabilization and folding of proteins.

Trehalose synthetase and trehalase, the enzymes involved in trehalose metabo-
lism, may well be attributed to HSPs. The roles of HSPs and trehalose in the acqui-
sition of thermotolerance can vary, depending on the stage of development and the 
rate of protein synthesis related to it (Liu et al. 2019). In the spores, which are more 
thermotolerant latent structures, HSPs were not revealed since protein synthesis is 
absent. However, accumulation of trehalose is observed. The thermoprotective 
function of trehalose is related to the characteristic features of its structure and the 
ability to form intermolecular hydrogen bonds, which contribute to stabilizing pro-
teins and membranes. In addition, it performs protective and chaperone functions, 
as well as a regulatory function by controlling the evolution of glucose in glycolysis 
and the activity of membrane-associated ATPase (Wang et  al. 2020). The other 
aspect of the thermoprotective function of trehalose is related to the specific charac-
teristics of the regulation of trehalose synthesis by the induction of the expression 
of the trehalose synthetase gene under heat shock, as well as by the direct activation 
of this enzyme by the rise in temperature. Thus, trehalose acts both in emergencies 
and in the long-term protection of subcellular structures during exposure to stress-
ors, participating, together with molecular companions, in a unified process of 
 protection against stress and quality control of proteins (Paixão et  al. 2019; 
Tereshina 2005).

High temperatures are a problem in many biological systems, particularly those 
involved in complex macromolecular assemblages such as ribosomes. This relation-
ship between thermotolerance, the virulence of a pathogenic fungus, and ribosome 
biogenesis have been observed in A. fumigatus, which may offer new avenues for 
the development of new antifungals that disrupt thermotolerant ribosome assem-
blage (Bhabhra and Askew 2005).

Fungi that can grow in desertification conditions are exposed to a wide tempera-
ture range that can have an action of thermostable enzymes (Joshi et al. 2020). For 
example, Thermomyces lanuginosus produces a large number of chitinases with 
greater stability against high temperatures (Khan et al. 2015). Ahirwar et al. (2017) 
isolated thermotolerant fungi producing hemicellulases from heated environments.

Melanin deposition on the cell wall can also influence thermotolerance and could 
be related to fungal geographical distribution and ecology (Cordero and Casadevall 
2017). The ubiquitous presence of Ascomycota in soil samples worldwide is attrib-
uted to its highly competitive capacities together with the presence of melanin 
(Egidi et al. 2019; Lin and Xu 2020). Environmental factors have been shown to 
influence the deposition of melanin content in the membrane of strain XJ5-1 of the 
yeast Aureobasidium melanogenum, isolated from the desert (Jiang et al. 2016). In 
this particular example, the presence of melanin confers higher tolerance to heat 
treatment (40  °C), besides UV radiation, oxidation, salt shock, desiccation, and 

3 Thermotolerance and Adaptation to Climate Change



46

strong acid hydrolysis at high temperature, for example, 80 °C (Lin and Xu 2020). 
Melanization increased tolerance to heat stress in C. neoformans and Wangiella 
dermatitidis (Cordero and Casadevall 2017). Joshi et  al. (2020) compile several 
investigations that refer that melanin is also related to the adaptability of fungi in 
other hostile environments. Some current studies with melanotic fungi have revealed 
a wide spectrum of functions for this kind of pigment, ranging from drought and 
radiation resistance to increased virulence in fungal pathogens (Lin and Xu 2020). 
In Monilinia fructicola, melanin functions to provide the conidia with resistance to 
a variety of environmental stresses such as high temperatures (Rehnstrom and Free 
1996; Cordero and Casadevall 2017). The role of melanin in fungal thermotolerance 
is scarce, that is why it is necessary to explore the various functions ascribed to this 
biological pigment in fungi and its relationship with climate change.

3.3  Spores, Resistance, and Survival

Temperature also influences the survival of various fungi, and this is related to the 
ability to form various structures that can be resistant to high temperatures. Most 
fungal propagules die on exposure to 80 °C for approximately 1 min. However, the 
ascospores of some food spoilage fungi such as Neosartorya fischeri can survive 
even for 1 h of exposure to temperatures around 85 °C (Baggerman and Samson 
1988; Rajashekhara et al. 1998). In the investigation of Jesenska et al. (1993) with 
soil fungi, it was detected that the most heat-tolerant survived exposure to 90 °C for 
1 h. For their part, the ascospores of Byssochlamys fulva and Talaromyces macros-
pora are resistant to high temperatures and require heat activation for germination 
(Dijksterhuis et al. 2002).

Suryanarayanan et  al. (2011) reported thermotolerance of mesophilic fungal 
spores that were common saprotrophs. They detected six ascomycetes, isolated 
from a semiarid tropical habitat subject to fire in India, which were able to grow 
after incubating their spores at 100 °C for 2 h in dry heat, in which two survived at 
110 °C and one at 115 °C. Related to these results, they suggested the possibility 
that the form of constitutive heat tolerance expressed by fungi could represent a 
specific adaptation to prolonged periods of drought and the prevalence of fires in 
their dry habitat. This physiological trait may be widespread, putting a focus on the 
evolution of opportunistic pathogens on a warmer planet.

Some strains of entomopathogenic fungi such as Beauveria spp., Isaria spp. and 
Metarhizium spp. show an important survival of the conidia at high temperatures, 
with a relationship between the thermotolerance of the conidia and their origin from 
geographic isolation. Most entomopathogenic fungi are mesophilic and can develop 
between 10 and 40 °C, but optimal growth is between 25 and 35 °C. The tempera-
ture has the greatest impact on conidial stress that inhibits metabolic processes, such 
as decreased morphogenesis during germination, protein denaturation, and mem-
brane disorganization. Thermal stress directly impacts the ability of fungal strains to 
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attack arthropods and their performance of an environmental activity (Paixão 
et al. 2019).

In spores, which are more thermotolerant latent structures, HSPs are not reported 
since protein synthesis is absent. However, accumulation of trehalose is observed 
with an important thermoprotective function previously analyzed (Paixão et  al. 
2019; Tereshina 2005).

3.4  Thermotolerance and Its Relationship 
with Environmental Changes

Ever since the basis of the thermotolerance studies, fungi in natural environments 
have provided abundant evidence that the active fungal community depends on ther-
mal conditions (Carreiro and Koske 1992a, b, c; Widden 1986). Cochrane (1958) 
suggested that subtropical strains of a particular fungus may have higher optimal 
growth temperatures than strains from temperate regions. Therefore, isolates of the 
same species from different geographical areas may differ in their temperature- 
growth relationships. Later Evans (1971) concluded that the strains of certain fungi 
are transitional between thermotolerant and thermophilic, depending on environ-
mental pressures. Thermotolerant fungal strains that grow in a habitat subjected to 
constant high temperatures can become dependent on these high temperatures for 
continued growth, and this could be a natural step in the evolution toward thermo-
philia. Evans (1971) also suggested that some thermotolerant species such as 
Aspergillus fumigatus can grow at lower temperatures and, therefore, will be able to 
compete with mesophilic populations. For their part, Craveri et al. (1964) stated that 
weak thermophilic species and strong thermotolerant species form a transition 
group between true thermophilia and general thermotolerance. Thermotolerant spe-
cies grow in a wide temperature range, that is, they grow in the normal mesophilic 
range (10–35 °C) but can also grow up to 48–50 °C and occasionally more. These 
high growth temperatures can be important in determining the habitats in which 
thermotolerant fungi occur, and a versatile temperature range for growth will be 
especially important in environments subject to wide temperature fluctuations.

Maheshwari et  al. (2000) analyzed the evolutionary pathways toward fungal 
thermotolerance. They argued that any new mutation in a fungal population would 
spread, ultimately replacing the wild type. The replacement rate will depend on 
your growth advantage, which in turn depends on selective pressure. De Crecy et al. 
(2009) observed that favorable variants take longer to prevail during certain cycles, 
which seems to indicate that evolution is occurring in discrete steps and that a dif-
ferent evolutionary path may encounter different thermal barriers.

For most organisms, growth occurs best in a relatively narrow temperature range 
and lags well outside this range (Huey and Stevenson 1979; McLean et al. 2005). 
Temperatures that allow for relatively rapid growth can vary between genotypes, 
and natural selection favor particular variants given spatial and temporal patterns of 
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environmental temperature. The theory of evolution of thermal reaction norms for 
yield, such as growth rate, is based on the assumptions that yield contributes addi-
tively to fitness and there is a trade-off between yields at different temperatures. 
Based on these assumptions, this theory predicts that thermal specialists will out-
perform thermal generalists in most patterns of environmental variation. A funda-
mental trade-off exists between specialists and generalists that results from 
specialization for environmental condition (Moor et al. 2020). The generalist spe-
cies can survive in a wide variety of temperatures with different resources, while 
specialist species have narrower requirements and tolerances. According to 
Angilletta et al. (2010), generalists can perform over a wider range of temperatures 
but perform poorer than specialists at the optimum temperature. Therefore, organ-
isms must tolerate a wide range of environmental conditions but restrict growth 
under specific environmental conditions. In fact, generalists are only expected to 
outperform specialists when the environmental temperature is relatively stable 
within generations but varies between generations (Gilchrist 1995).

It has been argued that the urbanization of our planet has created rapid changes 
in the climate. Air and ground temperatures have increased in urban areas compared 
to their surroundings, and this phenomenon is known as the urban heat island effect. 
Causes include both increased heat absorption by pavement and buildings and 
increased heat production by air-conditioners, traffic, and factories in urban areas. 
In general, urban heat islands are characterized by higher minimum, average, and 
maximum temperatures. Urban heat islands have been exerting evolutionary pres-
sure on organisms for at least 50 years and for more than 100 years in some cities 
(Brazel et al. 2000; McLean et al. 2005; Tereschenko and Filonov 2001).

Given the gradual increase in temperatures that has been associated with urban-
ization, fungi have begun to adapt to the warmer conditions of urban soils. McLean 
et al. (2005) studied the thermal reaction norms (18–26 °C) for the growth rate of 
four species of chitinolytic fungi (Chrysosporium pannorum, Penicillium bilaii, 
Torulomyces lagena, and Trichoderma koningii) compared between urban and rural 
sites near Louisville, Kentucky. Urban isolates of C. pannorum and T. koningii grew 
faster than rural isolates at 26  °C but grew more slowly than rural isolates at 
18 °C. This difference in the thermal reaction norms between urban and rural iso-
lates allowed them to suggest that urbanization caused thermal specialization. In 
this process, natural selection was able to produce urban genotypes that grow faster 
than rural genotypes at high temperatures but slower than rural genotypes at low 
temperatures. On the other hand, urban isolates of T. lagena and P. bilaii grew as 
fast as or faster than rural isolates at all temperatures, suggesting that counter- 
gradient variation could also occur. In such variation against the gradient, natural 
selection could produce urban genotypes that grow faster than rural genotypes at all 
temperatures. Thermal adaptation of the fungi analyzed was similar to that observed 
in other ectothermic organisms where the fungal thallus temperature varies accord-
ing to the environmental temperature where it is found (Angilletta et al. 2002, 2003; 
Conover and Schultz 1995; Huey and Kingsolver 1993; McLean et al. 2005).

The emergence of these patterns may be because the genetic structure of popula-
tions changes at the beginning of urbanization, causing different responses to 
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selection in each species. If there are no specialized genotypes for high-temperature 
growth within a population, selection for more optimal growth at high temperatures 
could produce a counter-gradient variation. Another possibility is that the specific 
biology of each species makes one form of adaptation more favorable than another 
(McLean et  al. 2005). Thermal specialization and counter-gradient variation in 
growth rate involve different proximate mechanisms, which in turn lead to different 
evolutionary trade-offs (Angilletta et al. 2003). If the fitness consequences of these 
trade-offs vary between species, natural selection might favor thermal specialization 
in some species and counter-gradient variation in others. Unlike the first possible 
explanation, the latter does not imply genetic restrictions as the cause of the differ-
ent patterns of intraspecific variation (McLean et al. 2005). Different responses to 
urbanization can disrupt competitive relationships between fungi, which can affect 
organic matter decomposition and nutrient cycling and trophic networks (Bonkowski 
et al. 2000; Carreiro and Koske 1992b; Marín et al. 1998; McLean et al. 2005; Naár 
and Kecskés 1998).

3.5  Habitats of Thermotolerant Fungi

Changes in climate can have impacts on fungal biodiversity patterns. Variation in 
thermal reaction norms could have broader impacts on the dynamics of communi-
ties in urban settings and the processes of the ecosystems that contain those com-
munities (McLean et al. 2005).

Thermotolerant fungi represent a heterogeneous group made up of a large num-
ber of morphological and physiological forms with variability in their adaptation to 
high temperatures and therefore to climatic variations (Narayan and Prakash 2019). 
The habitat of thermotolerant fungi ranges from the hot natural environments to 
artificial environments (Fig. 3.4). Several investigations reported a wide range of 
these organisms causing spoilage of bagasse, grains, groundnut, hay, palm kernels, 
peat, wood chips, and other agricultural crops. These fungi are also detected in ani-
mal and industrial wastes and processes related to the biodegradation of 
lignocellulose.

Several investigations reported the detection of thermotolerant fungi in soils with 
high temperatures. The results of Murgia et al. (2019) showed high biodiversity in 
the desert sand of the Middle East, consisting predominantly of fungi that have 
adapted to survive in the extreme environmental conditions that prevail in deserts, 
indicating the resistance of fungi of the Dothideomycetes classes, Pezizomycetes, 
and Sordariomycetes, such as Albifimbria terrestris, Fusarium equiseti, F. redolens, 
F. solani, and Chaetomium madrasense. The presence of these fungi in the soil may 
be related to the solar heating they receive (Saroj et al. 2017), and this may deter-
mine that the fungi present in that habitat can grow at temperatures above 50 °C or 
even have viability at 80 °C (Joshi et al. 2020). Rajavaram et al. (2010) made soil 
isolates from mines, animal manures, cattle dung, composts, industrial wastes, 
poultry manure, and vermicompost and found Aspergillus fumigatus in all 
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substrates. Salar and Aneja (2006) found six species of thermotolerant fungi in tem-
perate soils of northern India (Aspergillus fumigatus, Chaetomium senegalense, 
Chrysosporium tropicum, Emericella nidulans, Penicillium chrysogenum, and 
Rhizopus microsporus). Singh and Sandhu (1986) isolated thermotolerant strains of 
A. aculeatus, A. carneus, A. fischeri, A. flavus, and A. nidulans in soils of Port Blair.

Industrialization and the development of technologies have made possible the 
design, commercialization, and distribution of equipment that can reach tempera-
tures higher than ambient temperatures, and consequently, new habitats have 
emerged for fungal populations. In this sense, washing machines and dishwashers 
can be considered extreme environments due to the high temperatures from which 
thermotolerant fungi have also been isolated (Zalar et  al. 2011). Tischner et  al. 
(2019) reported that 32% of the sampled washers in Hungary were highly contami-
nated with various species of fungi and 46% by human opportunistic pathogenic 
species. None of the fungi examined could grow at temperatures above 50 °C, so 
they can be considered thermotolerant species. Babic et al. (2015) hypothesized that 
washing machines could act as reservoirs for thermotolerant contaminating or 
pathogenic fungi.

Changes in climate and those expected in the coming decades are expected to 
have an impact on fungal biodiversity patterns, which, in turn, may also have impli-
cations for public health. Therefore, it is of vital importance to evaluate the ecologi-
cal responses of fungi (Damialis et al. 2019).

Fig. 3.4 Wide range habitats of thermotolerant fungi ranging from hot natural environment to 
artificial environments
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Climate change is positive for all biomes but its effect increases moderately with 
latitude (Seidl et al. 2017). The studies conducted by Hoegh-Guldberg et al. (2019) 
show that climate warming of 1.5–2 °C is predicted to reduce permafrost in cold 
regions by 28–53%, resulting in large deposits of carbon available for microbial 
respiration and the emission of greenhouse gases that could lead to local extinction 
of cold-adapted fungi (Joshi et al. 2020). Gomes et al. (2018) reported diversity in 
Antarctic soils by identifying 218 fungi belonging to 22 taxa of 15 different genera 
belonging to the Zygomycota, Ascomycota, and Basidiomycota divisions. The gen-
era Antarctomyces, Mortierella, Penicillium, and Pseudogymnoascus were the most 
frequently isolated, and P. tardochrysogenum, P. verrucosus, Goffeauzyma gilves-
cens, and Mortierella sp. were the most abundant taxa. Common yeasts in Antarctic 
soil belong to the genera Candida, Cryptococcus, Debaryomyces, Guehomyces, 
Leucosporidiella, Metschnikowia, and Rhodotorula (Martinez et al. 2016). Among 
these, there are genera with a wide distribution also in tropical areas. Further 
research directed toward the change in the stoichiometry (carbon/nitrogen ratio) of 
the soil of the polar region related to the changing climatic conditions would be a 
key step to predict the adverse effects on fungal communities (Alves et al. 2019).

Gange et al. (2007) reported rapid and recent changes in fungal fruiting patterns 
analyzing information on over 300 autumnal fruiting species, from more than a 
thousand zones, located in Southern England during 45 years (1950–2005). This 
study concludes that climate warming appears to have caused significant numbers 
of species to begin fruiting in spring as well as autumn. Until the time of the afore-
mentioned study, several investigations had found recent phenological responses to 
climate change in higher organisms, such as plants, insects, or birds, and were 
restricted to events in spring (Parmesan and Yohe 2003; Toljander et al. 2006). Later 
Gange et al. (2011) informed about the relationship between climate change and 
host shifts in fungi and concluded that changing temperature causes altered growth 
rates, germination rates, and combative ability of one fungal species relative to 
another. Specifically, the case of Auricularia auricula-judae may have resulted in 
the ability to colonize a wider host range. The mean autumn fruiting period is nowa-
days later for saprotrophic and mycorrhizal fungi in Norway (Kauserud et al. 2008) 
and Switzerland (Büntgen et al. 2011). Moore et al. (2008) reported that since 1975, 
many species of fleshy fungi that previously fruited principally in autumn in the 
United Kingdom now also fruit during spring. Meanwhile, Kauserud et al. (2010) 
described spring fruiting nowadays occurs earlier than it did in the past century. 
According to Kauserud et al. (2008), these recent changes in fruiting are dependent 
on fungus life-history strategy, with variances between early fruiting species and 
late fruiting species. Kauserud et al. (2012) reported the temporal changes in the 
timing of fruit body formation to occur in all these European countries but are par-
ticularly pronounced in the United Kingdom, and it is related to geographical and 
bioclimatological features.
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3.6  Thermotolerance within the Environmental Fungi

Thermotolerant fungi compose the mycobiota that grows in piled masses of plant 
material, heaps of agricultural and forestry products, stored food grains, and other 
accumulations of organic matter. In these ecosystems, the warm, humid, and aerobic 
environment provide the basic conditions for their development, and the fungal 
spores could become airborne from these native sources. For example, Narayan and 
Prakash (2019) reported 27 species of airborne thermotolerant fungi in India, from 
some of the aforementioned substrates, and highlighted Aspergillus versicolor and 
Paecilomyces variotii.

Studies on the thermotolerant airborne fungi are not as much of those carried out 
in other ecosystems. However, the relationship to air temperature and climate has 
been reported. Earlier and longer fungal sporulation seasons have been reported in 
the United Kingdom (Gange et al. 2007), Norway (Kauserud et al. 2012), and other 
European countries (Kasprzyk et al. 2016). Damialis et al. (2015a, b) demonstrated 
the beginning of a long-term trend in airborne spore concentrations in Thessaloniki 
during 1987–2005. Helfer (2014) showed that some fungal populations could be 
vulnerable to global environmental change. The sporulation and the formation of 
reproductive bodies of fungi are influenced by meteorological factors, such as rain-
fall, air temperature, and relative humidity (Carlile et al. 2001; Senanayake et al. 
2020). Therefore, the variability in different stages of reproduction could cause 
modifications in the diversity of fungi and the temporal dynamics of the dispersion 
of their propagules. There is evidence that changing climate might cause alterations 
in phenology (Corden et al. 2003; Gange et al. 2007; Kauserud et al. 2012) and the 
dynamics of fungal communities (Gange et al. 2011).

Martínez-Herrera et al. (2016) reported that the ability to grow at temperatures of 
55  °C and survive at 75  °C distinguished species in environmental strains of 
Aspergillus section Fumigati and allows the organisms to grow in decomposing 
organic matter and infect host mammals. Aspergillus fumigatus is particularly com-
mon, found in a wide range of environments, growing between 12 and 
55 °C. However, it is considered more thermotolerant than thermophilic, because it 
can grow at temperatures as low as 12  °C and its optimal temperature is below 
40 °C. This fungus is extraordinary for its wide growth temperature range and its 
equally varied range of habitats. It commonly grows in compost, substrates in 
indoor environments, moldy grains, and other decaying organic matter. It can also 
develop on the hydrocarbons of aviation fuel. In recent years, A. fumigatus has 
become a major problem in operating rooms, especially transplant units, because it 
can colonize wounds and grow within the tissues of transplant patients. However, it 
is an essentially saprotrophic species (Deacon 2013).

In Aspergillus section Nigri, the growth and conidia maturation occur more rap-
idly at temperatures between 28 and 30 °C (Marín et al. 1998). Aspergillus niger is 
a mesophilic species (Belli et al. 2004). However, Rojas et al. (2010) found that 
some environmental strains, isolated from Cuba, grew from 18 to 40 °C in Czapek 
Yeast Autolysate Agar (CYA) medium. However, Rojas et al. (2010) surprisingly 
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found the presence of several strains with optimal growth between 28 and 37 °C. In 
general, black aspergilli are less thermotolerant than Aspergillus section Fumigati, 
which perhaps leads to the fact that the majority of nosocomial cases of aspergillo-
sis are caused mainly by A. fumigatus and not by A. niger (Scazzocchio 2009).

Other thermotolerant fungi have been detected in some investigations concern-
ing the physiology of environmental fungal strains. A growth study, from 10 to 
40 °C with mesophilic strains of Curvularia isolated from the atmosphere of a rice 
agroecosystem in Cuba, determined that two strains of C. aeria and two of C. cla-
vata grew at 40  °C (Almaguer et  al. 2013). Besides, conidia germination was 
observed between 10 and 37 °C (Fig. 3.5). In the aforementioned study, the differ-
ences between some strains show that the physiological behavior of each strain of 
the same species can differ considerably as a function of the moment of collection, 
the characteristics of the ecosystem, and the source of the inoculum.

Higher concentrations of airborne spores could be expected in tropical climates, 
where these temperature values are common throughout the year. Garcia-Solache 
and Casadevall (2010) warned about the potential risks of the adaptation of fungi to 
high temperatures and the importance of studying the possible effects of global 
warming on fungal populations since a warmer climate could change the distribu-
tion of species and favor those that are more thermotolerant. Additionally, under 
strong selection pressure, the prevalence of species adapted to heat tolerance may 
increase. In this sense, it has been shown that in urban areas, some fungi grow faster 
at high temperatures than in rural environments, and an increase in temperature can 
influence higher growth and an increase in the production of spores in C. cladospo-
rioides (Damialis et  al. 2015a, b). Sánchez and Almaguer (2018) confirmed the 
formation of conidia within the 10–34 °C interval and optimal growth in 25–30 °C, 
in environmental isolates of Cladosporium cladosporioides, collected from the 
atmosphere of Havana, Cuba. It was also observed that the isolates could be divided 
into three groups according to their physiological response to temperatures. One 
group had lower growth, sporulation, and germination values, and they were related 
to the lower temperatures around the isolation date. The species that formed the 
other two groups were collected on days when the average temperature was higher.

Fig. 3.5 Growth and conidia germination of C. aeria and C. clavata strains at different tempera-
tures. Fungal strains were isolated from the atmosphere of a rice agroecosystem in Cuba
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In addition, the variability of the response at different temperatures among the 
airborne propagules in Cuba was also found for several isolates of Pyricularia ory-
zae from a rice agroecosystem (Almaguer-Chávez et al. 2019). In this investigation, 
the formation of four groups between strains of P. oryzae isolated at various times 
during a year was observed. All these findings in airborne thermotolerant fungi may 
be related to genetic plasticity and could influence the ability to adapt to different 
environmental conditions. In this sense, Huo et al. (2012) stated that warmer condi-
tions could alter the distribution of species and the incidence of fungal diseases in 
crops of economic interest. Moreover, climate change brings the specter of new 
infectious diseases (Casadevall 2020).

3.7  Perspectives of Fungal Thermotolerance Studies

Climate change can affect the diversity of the structure of fungal communities, since 
the survival of species sensitive to high temperatures may be affected, while resis-
tant species will grow excessively creating an overpopulation of habitats (Joshi 
et al. 2020; Moreno et al. 2013). The specialized functions carried out by fungi in 
the ecosystem could be affected, such as decomposition, pathogenesis, and symbio-
sis. These changes in community structure and fungal diversity affect the ecosystem 
(Joshi et al. 2020; Setälä and McLean 2004). Climate change affects the diversity, 
geographic distribution, and composition of fungal communities around the world, 
and virulent fungal species capable of withstanding climatic disturbances will 
replace weakened species (Joshi et  al. 2020; Moreno et  al. 2013). For example, 
Newsham et al. (2016) recorded an increase of approximately five fungal taxa per 
°C of temperature increase. The diversity of fungi is greater in warmer habitats, but 
the evolutionary and environmental factors that shape the biogeography of fungi are 
not fully understood. However, according to the meta-analysis by Vetrovsky et al. 
(2019), high altitudes support concentrated fungal diversity and indicate a narrow 
climate tolerance of mycorrhizal fungi compared to pathogenic fungi. The afore-
mentioned authors assembled a large set of previously generated mycobiome data 
linked to specific geographic locations around the world and used this dataset to 
describe the distribution of fungi and look for correlations with different environ-
mental factors, including the weather. That meta-study identified climate as an 
important driver of different aspects of fungal biogeography, including the global 
distribution of common fungi, as well as the composition and diversity of fungal 
communities. The diversity of fungi was concentrated at high latitudes, in contrast 
to the opposite pattern shown previously for plants and other organisms. Mycorrhizal 
fungi appear to have closer climatic tolerances than pathogenic fungi. Then 
Vetrovsky et al. (2019) speculate that climate change could affect the functioning of 
the ecosystem due to the close climatic tolerances of the main fungal taxa.

The thermotolerance that is evidenced in several groups of environmental fungi 
has been related to the ability to grow in mammals and higher temperatures, and 
eventually global warming can exert pressure for the emergence of new diseases in 
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mammals. For this reason, there is a concern about new diseases caused by fungal 
agents (Garcia-Solache and Casadevall 2010).

According to Casadevall (2020), climate change brings the specter of new infec-
tious diseases. The pillar of endothermy is robust in humans (37 °C), but it can be 
broken if fungi adapt to higher temperatures. Although most species of fungi cannot 
tolerate the temperatures of mammals, some species can adapt to survive higher 
temperatures by gradually being exposed to warmer temperatures. Thus, global 
warming will lead many fungal species to adapt to higher temperatures, and some 
with pathogenic potential for humans will break the thermal defensive barrier pro-
vided by endothermy (Robert and Casadevall 2009).

Fungi that are pathogenic to insects can be experimentally adapted to replicate at 
mammalian temperatures through progressive heating cycles, demonstrating that 
fungi can rapidly adapt to higher temperatures (Casadevall 2020; de Crecy et al. 
2009). Rangel et al. (2005) reported variability in the conidial thermotolerance of 
Metarhizium anisopliae, isolated from different geographical origins. In general, 
isolates from higher latitudes demonstrated greater susceptibility to heat than iso-
lates closer to the equator.

It has been suggested that in tropical and subtropical climates, thermotolerant 
fungi should be more abundant. Many fungal pathogens that are not found in tem-
perate regions can be found in tropical regions, such as Paracoccidioides brasilien-
sis, Penicillium marneffei, and Cryptococcus gattii (Casadevall 2020). The incidence 
of fungal infections in these locations tends to be higher, possibly due to increased 
numbers of fungi that can manage with human body temperatures. That is why the 
potential effects of global warming on fungi must be considered. Global warming 
could have a significant effect on fungal populations. First, a warmer climate could 
change the distribution of heat-tolerant and susceptible species by favoring those 
that are more thermotolerant and by creating the conditions for more environmental 
fungi to spread and come into closer contact with human populations. Second, 
under strong selective pressure, the prevalence of heat-tolerant species may increase 
(Raimalani and Panchamia 2020). Global warming means the narrowing of the ther-
mal gradient between ambient temperature and that of mammals. The current gradi-
ent is approximately 22  °C, and consequently each degree of increase in global 
mean temperature reduces the gradient by approximately 5%. Casadevall et  al. 
(2019) suggest that with current global warming, the prevalence of fungal diseases 
will increase. The risk of newly emerging fungal pathogens could be magnified by 
the fact that there are few antifungal medications available and there are no licensed 
vaccines.

The environment is likely to contain a large number of potentially pathogenic 
fungal species that are currently nonpathogenic to humans because they lack the 
ability to grow at the temperatures of mammals. The direct and indirect effects of 
climate changes induced by an exponentially growing human population as drivers 
of fungal evolution should be an area of intense investigation in the coming decades. 
The widening of the geographic range of innately pathogenic thermotolerant fungi 
and the acquisition of virulence traits in thermotolerant nonpathogenic environmen-
tal fungi may shape the twenty-first century as an era of expanding fungal diseases 
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(Casadevall et al. 2019). The recent appearance of Candida auris on three conti-
nents has been proposed to be related to global warming and the adaptations in 
certain microorganisms that make them pathogens for humans. This emergence evi-
dences the need for increased surveillance and continuous monitoring (Casadevall 
2020; Casadevall et al. 2019; Lockhart et al. 2017).

Global warming, strong climatic fluctuations, changes in rainfall patterns and 
drought, temperature changes, and forest fires are very evident in different parts of 
the world and affect fungal communities. Franco-Manchon et  al. (2019) studied 
burned and unburned Scots pine forests, concluding that the dynamics of fungal 
communities were affected by forest fires. For example, mycorrhizal taxa were 
more affected than saprotrophic taxa by forest fires, as they were not observed the 
following year after forest fires. Nsa et al. (2020) isolated Lichtheimia ramosa, in a 
freshly burned field in Ikorodu, Nigeria. The genus Lichtheimia belongs to the class 
Zygomycete and includes saprotrophic species that can be isolated from decaying 
soil and plant material (Nagao et al. 2005). Its thermotolerance has been linked to 
its virulence (Alastruey-Izquierdo et al. 2010a; Schwartze et al. 2012; Schwartze 
and Jacobsen 2014). Attention to the thermotolerant genus Lichtheimia increased 
remarkably since its separation from the mesophilic genus Absidia and its taxo-
nomic revision (Alastruey-Izquierdo et  al. 2010b; André et  al. 2014; Hoffmann 
et al. 2007; Hoffmann 2010). Ecologically, L. ramosa is abundant in soil, decaying 
plant debris, and food and is one of the causative agents of mucormycosis in humans 
(Nsa et al. 2020).

3.8  Climate Change and Aeromycological Dynamics

Fungi are adapting at a rapid rate in the face of environmental change. Joshi et al. 
(2020) reported that climate change caused an earlier and longer period of sporula-
tion. Temperature is the environmental factor that systematically changes for 
decades and can significantly affect the growth and development of fungi, including 
the abundance of their sporulation (Kasprzyk et  al. 2016). The concentration of 
airborne spores can increase in a wide range of temperatures as has been docu-
mented in countries around the world. In addition, the annual amounts of spores and 
their relationship with temperature were different between cities with climatic dif-
ferences (Table 3.2).

Although the above examples explain the influence of temperature on the 
atmospheric dynamics of fungal propagules, it is not yet clear how medium- or 
long-term changes in climate, and particularly in temperature, affect the abun-
dance of fungi in the air. Some investigations reported the probable impacts of 
climate change on airborne allergenic fungi and spore production (Barnes et al. 
2013; Sindt et al. 2016). However, there is only limited evidence of trends in fun-
gal development (Cecchi et  al. 2010). Corden and Millington (2001) in Derby, 
UK, suggested a trend toward increasing annual counts of Alternaria, especially 
after 1992. Corden et al. (2003) reported that the abundance of Alternaria spores 
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Table 3.2 Some studies about relationships between temperature and airborne fungal spore 
concentration

Sampling 
period Location Fungi Findings References

2014–
2015

Salamanca, 
España

Alternaria Significant and 
positive correlation 
coefficients with 
temperature and total 
daily insolation

Fuentes 
et al. 
(2019)

2014–
2016

Lisboa, 
Portugal

Cladosporiumcladosporioides, 
Coprinus, Leptosphaeria, 
Agaricus, Cladosporium 
herbarum, Ustilago, Alternaria

The mean 
temperature was the 
factor that exerted 
the greatest influence 
on the spore levels

Ferro et al. 
(2019)

2002–
2014

Bratislava, 
Slovakia

Alternaria, Epicoccum, and 
Stemphylium

Considering that 
climate predictions 
for Central Europe 
indicate an increase 
in temperature 
events, shifts toward 
earlier onset, later 
end, longer duration, 
and increasing 
intensity of spore 
seasons of some 
fungal taxa in future 
years are expected, 
potentially 
exacerbating allergic 
respiratory disorders 
in humans

Ščevková 
et al. 
(2016)

1987–
1996

Tulsa, 
Oklahoma

Ganoderma Cumulative season 
total was 
significantly related 
to temperature

Craig and 
Levetin 
(2000)

2011–
2014

SW of 
Iberian 
Peninsula

Alternaria For a predicted 
increase in 
temperature in a 
climate change 
scenario, Alternaria 
spore production is 
foreseen to increase 
temperatures 
reaching optimal 
growing conditions 
in the two seasonal 
growing periods in 
Mediterranean 
climate

Maya- 
Manzano 
et al. 
(2016)

(continued)
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Table 3.2 (continued)

Sampling 
period Location Fungi Findings References

2013 Szczecin, 
Poland

21 types of spores The largest amount 
of the total variance 
in the spore 
composition was 
explained by the air 
temperature

Grinn- 
Gofrón 
et al. 
(2016)

2011–
2012

Poland Cladosporium Warm and dry 
weather accelerate 
and elongate 
Cladosporium spore 
seasons in Poland

Kasprzyk 
et al. 
(2016)

2012–
2013

Mexico 
City, 
Mexico

Aspergillus Thermotolerance 
among aspergillus 
isolates from hospital 
environments

Martínez- 
Herrera 
et al. 
(2016)

2004–
2013

Szczecin 
and 
Cracow, 
Poland

Alternaria and Cladosporium As regards 
temperature, it was 
higher in Cracow and 
was still increasing 
in the studied years. 
If it increases, the 
peak value, total 
number of spores, 
and their average 
concentrations in a 
season will also 
increase

Grinn- 
Gofrón 
et al. 
(2016)

2003–
2008

Madeira, 
Portugal

14 fungal genera Temperature was the 
meteorological 
parameter that 
favored the most 
release and dispersal 
of the conidia

Sousa et al. 
(2016)

2003–
2004

Taipei, 
China

Viable airborne fungi Ambient temperature 
was the most 
consistent 
environmental factor 
positively correlated 
with fungal 
concentrations

Wu et al. 
(2007)

(continued)
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Table 3.2 (continued)

Sampling 
period Location Fungi Findings References

1993–
1996

Hualien, 
Taiwan

Cladosporium, Arthrinium/
Papularia, aspergillus/Penicillium, 
Ganoderma, Curvularia, fusarium, 
Ulocladium/Stemphylium, 
Cercospora, Alternaria, 
Drechslera, Torula, botrytis, 
Nigrospora, Pithomyces, 
Periconia, ascospores, and other 
fungi

Among the 
meteorological 
factors, temperature 
was the most 
consistent predictor 
of fungal 
concentrations. 
Except for 
aspergillus/
Penicillium and other 
fungi, higher 
temperature was 
positively associated 
with higher fungal 
levels

Ho et al. 
(2005)

2005 San Juan, 
Puerto Rico

Fungal spores There were positive 
correlations between 
airborne fungal spore 
concentrations and 
temperature

Quintero 
and 
Rivera- 
Mariani 
(2010)

2001 Barbados Fungal spores Fungal spore 
concentration rose 
earlier in mid-July 
and remained so until 
October

Blades 
(2002)

2002 Medellín, 
Colombia

Fungal spores Fungal spore 
concentration pollen 
levels in the 
atmosphere were 
associated with an 
increase or decrease 
in temperature

Angilletta 
et al. 
(2002)

1992–
1995

Sydney, 
Australia

Alternaria Fungal spore 
concentration pollen 
levels in the 
atmosphere were 
associated with an 
increase or decrease 
in temperature

Stennett 
and Beggs 
(2004)

(continued)
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Table 3.2 (continued)

Sampling 
period Location Fungi Findings References

1980–
1989

Stockholm, 
Sweden

Cladosporium and Alternaria Daily mean 
temperatures of more 
than 15 °C when 
combined with a 
sufficient amount of 
precipitation seem to 
optimize the 
sporulation 
conditions for 
Cladosporium

Hjelmroos 
(1993)

1992 Waterloo, 
Canada

Cladosporium, Epicoccum, 
Polythrincium, aspergillus/
Penicillium, Leptosphaeria, 
Coprinus, Ganoderma

The meteorological 
factors were, in 
descending order of 
importance, mean 
temperature, 
minimum 
temperature, and 
maximum 
temperature

Li and 
Kendrick 
(1995)

1991 Mexico 
City, 
Mexico

Conidia, Basidiospores, 
Ascospores

Daily mean spore 
concentrations were 
significantly 
correlated in 
southern and central 
areas with maximum 
temperature

Calderón 
et al. 
(1997)

1991–
1993

Yokohama, 
Japan

Cladosporium, Penicillium, 
Pestalotia, fusarium, aspergillus, 
and others

The concentrations 
of fungi in outdoor 
air (n = 288) were 
significantly 
correlated with the 
maximum 
temperature of the 
day, minimum 
temperature of the 
day, average 
temperature of the 
day

Takahashi 
(1997)

(continued)
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varies greatly from one place to another depending on the regional vegetation and 
other local factors, among which temperature does not always play a determining 
role. Sindt et al. (2016) analyzed the temporal variations in a wide spectrum of 
characteristics of the atmospheric dynamics of Cladosporium in several French 
localities with different climatic conditions, with the aim of investigating the rela-
tionship between the levels of conidia and the evolution of the climate. On an 
annual basis and for 10 years, they demonstrated the climatic sensitivity of this 
fungal genus, the main component of the airborne fungi, and stated that the gen-
eral increase in annual temperatures observed in recent years in several stations 
was consistent with those reported on warming. Regarding the potential impact of 
climate change, significant trends are identified by Hollins et  al. (2004) when 
analyzing the relationships between airborne fungal spore concentration of 
Cladosporium and summer climate in Britain.

Hjelmroos (1993) suggested an upward linear trend in mean spore concentra-
tions over time, in parallel with a positive trend in temperature. In Thessaloniki, 
Greece, a significant increase in air temperature has been observed during the period 
1987–2005, and the annual mean concentrations of Cladosporium have decreased 
considerably and significantly between the years 1987 and 1992 and the years 1999 
and 2005 (Damialis et  al. 2015a), simulating different environmental regimes. 
Damialis et al. (2015b) have shown several fungi showed dramatic growth responses, 
with faster mycelium growth and lower spore production at higher temperatures. 
Several Spanish studies (Rodríguez-Rajo et al. 2005; Sabariego et al. 2000) demon-
strated that average temperatures of 23–29 °C correspond to optimal conditions for 
high Cladosporium spore counts. Average temperature has been considered the 
most adequate predictor of its spore concentrations (Aira et al. 2012; Grinn-Gofroń 
et al. 2019; Hollins et al. 2004). For Alternaria (Thibaudon and Lachasse 2006), 
they stated that latitude had an undeniable impact on the concentration of spores. 
The majority of these works was conducted in temperate climates; however, the 
situation can be quite different in hot climates.

Table 3.2 (continued)

Sampling 
period Location Fungi Findings References

1997 Turin, Italy Cladosporium, Penicillium, 
Epicoccum, aspergillus, and many 
others

Climatic and 
seasonal 
characteristics are 
prevalently 
determined by 
temperature; summer 
samplings are further 
forward on 
temperature gradient 
vector

Marchisio 
and 
Airaudi 
(2001)

1999–
2000

Edirne, 
Turkey

Cladosporium, aspergillus, 
Penicillium, Curvularia, 
Drechslera, Scytalidium, fusarium

Temperature was the 
meteorological 
parameter correlated 
with spore levels

Asan et al. 
(2002)
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3.9  Conclusion and Future Prospects

Thermotolerance is present among fungi and could be essential for adaptation to 
climate change. Thermotolerance in fungi can be acquired in mesophilic species 
where environmental pressures exert selection on environmental mesophilic pop-
ulations. Therefore, the gradual increase in temperatures, a consequence of cli-
mate change, proves to cause fungi to begin to adapt to warmer conditions and to 
change their ecological patterns. This incidence of changes in climate on fungal 
diversity may also have public health implications since fungal adaptation to sur-
vive at higher temperatures can undermine the pillar of endothermy. Therefore, it 
is of vital importance to evaluate the ecological responses of fungi to 
temperature.
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Abbreviation

HIV Human immunodeficiency virus

4.1  Introduction

In recent years, climate change has become a topic of great interest in the world. 
This term refers to the measurable changes in the climate observed over a long 
period. Climate change is characterized by extreme weather events, increased 
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droughts, heatwaves, excessive rains and floods, water shortages, dust storms, tropi-
cal cyclones (typhoons or hurricanes), forest fires, and melting snow, among others 
(Eissa and Zaki 2011; Nava et al. 2017). Global warming also refers to the average 
global temperature increase in recent decades, induced by the greenhouse effect, 
due to the rise in CO2 emissions produced by the growing consumption of fossil 
fuels worldwide, parallel to deforestation. In this context, according to future pro-
jections of climate change and global warming, the relationship between climate 
and health poses a growing challenge for public health. Climate change also results 
in epidemiologic shifts of diseases associated with alterations in ecosystems and 
greater population susceptibility to exposure to disease-causing agents (Ghazali 
et al. 2018).

Some natural phenomena resulting from climate change have expanded the dis-
tribution of animal and plant parasites and pathogens. Many of the organisms that 
cause diseases are strongly influenced by environmental factors such as tempera-
ture, rainfall, and humidity, which are subject to climate change. There are also 
other environmental change drivers, such as urbanization, loss of biodiversity, and 
invasive species.

Among the mycoses that may present variations in their epidemiology due to 
climatic change are the superficial ones. Superficial mycoses are some of the most 
frequent forms of infections in humans, it is estimated that they affect 20–25% of the 
world population, and their incidence is increasing (Das et al. 2007; Havlickova et al. 
2008; Vena et al. 2012). For instance, onychomycosis represents up to 90% on toe-
nails, while nail bed onychomycosis is responsible for up to 50% (Ghannoum et al. 
2000) and corresponds to 30% of all superficial mycosis cases (Faergemann and 
Baran 2003). The incidence increases with age, reaching up to 60% in people over 
60 years of age (Pérez et al. 2011). Likewise, it is considered one of the superficial 
mycoses with the greatest difficulty in diagnosing and treating (Mendoza et al. 2012).

The geographical distribution of dermatophytoses and their causal agents is 
influenced by several factors, such as the population type, climate, lifestyle, migra-
tion, cultural practices, and socioeconomic conditions, among others (Ameen 2010; 
Havlickova et al. 2008). However, it is worth mentioning that the risk of contracting 
certain diseases is strongly associated with the ability to manage environmental fac-
tors. If an illness is effectively controlled, the consequences of climate change could 
be lessened, but if control is difficult or impossible, the results could be far-reaching 
(Paaijmans and Thomas 2011; Parham et al. 2015).

This chapter presents evidence of the role that climate change plays in the inci-
dence and geographic distribution of dermatophytoses.

4.2  Climate Change Vs. Pathogens

Some of the consequences of climate change include natural disasters such as earth-
quakes (Schneider et al. 1997), floods, tsunamis (Kawakami et al. 2012), and torna-
dos (Neblett Fanfair et al. 2012). Their effects can disrupt on a large-scale fungal 
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habitat, including dermatophytes, so environmental disturbance is a key factor in 
the spread of these organisms and their resulting potential to cause infection.

The most vulnerable regions to climate change have been shown to include tem-
perate latitudes and are forecasted to warm disproportionately. These regions are 
located around the Pacific and Indian Oceans and are currently subject to significant 
variability in rainfall due to the El Niño/Southern Oscillation phenomenon in sub- 
Saharan Africa. Likewise, in expanding cities, where the urban heat island effect 
occurs, it is anticipated that extreme weather events could intensify. Other conse-
quences of climate change include rising sea levels, flooding, rising water tempera-
tures, decreasing ocean pH (due to dissolution of carbon dioxide), and invasions of 
nonnative species (Eissa and Zaki 2011), which contribute to the intensified severity 
and frequency of floods (Alderman et al. 2013). Floods have been recognized as the 
most frequent deadly disasters globally, as they can happen after heavy rainfall, hur-
ricanes, storms, storm surges, or other possible causes, such as melting snow from 
the polar ice caps (Alderman et al. 2013; Hunter 2003).

Another impact of the global temperature increase is that microbial pathogens 
are expanding their habitat ranges into previously inhospitable environments (IPPC 
2008). An example is emerging pathogens that are present but inactive in the envi-
ronment. Even though hosts, including humans, are exposed to these microorgan-
isms, they do not develop an immune response against them as it is not necessary 
(Diuk-Wasser et al. 2010; Patz and Olson 2006). However, when they are selectively 
activated by some physical stimulus and take advantage of changing conditions to 
adapt to susceptible hosts, their incidence increases rapidly in a population or a 
geographic range (Morse 1995). Therefore, the expansion of microorganisms is 
related to temperate ecosystems, which generally experience seasonal temperature 
changes. If these are prolonged changes, the pathogen resilience can enhance, and 
at the same time, the host defenses could decrease (Epstein 2001).

One of the most notable aspects of mammalian physiology is their high resis-
tance to fungal diseases. Although fungi are relevant pathogens, there are relatively 
few fungal diseases associated with mammals, attributed to the combination of 
endothermy and adaptive immunity (Casadevall 2012). Endothermy in mammals 
creates a thermally restricted space for most fungal species. When combined with 
innate and adaptive immunity, it makes fungal diseases rare among immunologi-
cally intact humans (Robert and Casadevall 2009). However, climate change may 
bring new fungal pathogens that affect people, animals, and plants, as species with 
pathogenic potential adapt to higher temperatures (Casadevall 2018). This hypoth-
esis postulates that many fungal species are currently not pathogenic for mammals 
since they cannot replicate in them; however, they have the potential to be virulent 
(Cohen et al. 2017), which raises the possibility of having new fungal diseases. The 
natural human temperature excludes most fungal species, suggesting an evolution-
ary connection between endothermy and protection against fungi (Bergman and 
Casadevall 2010). The relationship between mammals’ high temperatures and their 
resistance to fungal diseases could have contributed to the great radiation of mam-
mals after the cataclysm at the end of the Cretaceous period, in which high tempera-
tures could have made them resistant to fungal pathogens (Casadevall 2005, 2012). 
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The rarity of fungal diseases in humans with apparent normal immunity explains 
why their description came afterward many bacterial diseases. Also, the intensity 
and pathology of a disease often depend on temperature, which occurs for two rea-
sons. The first is that the higher the temperature, the higher the metabolism of the 
parasite, which increases its feeding and, often, its replication within a host, accen-
tuating the damage (Fels and Kaltz 2006; Kirk et al. 2018). Secondly, the host expe-
riences more environmental stress, which impairs its ability to resist the infecting 
pathogen.

The temperature rise could also spiral the prevalence of some skin pathologies as 
more people would suffer from sensitive skin and greater cutaneous xerosis due to 
the decrease in relative humidity. Alterations in the skin barrier function would 
increment the severity and prevalence of skin diseases such as dermatophytoses 
(Centers for Disease Control and Prevention 2005, 2006a, b; Rose and Akpinar- 
Elci 2015).

4.3  Influence of Climate Change on Dermatophytoses

Dermatophytoses are caused by fungi that invade and spread on the keratinized skin 
of mammals, including humans, often causing contagious infections (Weitzman and 
Summerbell 1995). Dermatophytoses are common throughout the world and are 
relevant in the veterinary and public health areas (Cafarchia et  al. 2009, 2012; 
Weitzman and Summerbell 1995). The dermatophyte group comprises 52 species 
divided into 9 genera: Trichophyton, Microsporum, Epidermophyton, Arthroderma, 
Lopophyton, Nannizia, Ctenomyces, Guarromyces, and Paraphyton (Mercer and 
Stewart 2019). The fungi T. rubrum, T. tonsurans, the T. mentagrophytes complex, 
as well as M. canis, M. gypseum, and E. floccosum are considered the main etiologi-
cal agents of dermatophytoses in humans (Das et al. 2007; Weitzman and Summerbell 
1995). Based on their ecology, dermatophytes have been divided into three groups: 
anthropophilic, zoophilic, and geophilic. Anthropophilic dermatophytes, mainly 
associated with humans, can cause tinea capitis, tinea corporis, tinea pedis, and 
tinea unguium and rarely infect animals (Cafarchia et al. 2006; Gräser et al. 2008; 
Weitzman and Summerbell 1995). These fungi can cause superficial infections (der-
matophytosis) in the skin of human hosts and can penetrate deeper tissues in immu-
nocompromised hosts (Squeo et al. 1998) (Table 4.1).

The frequency of dermatophytoses tends to increase after a tsunami due to the 
unsanitary conditions prevailing after the disaster. Lee et al. (2006) carried out a 
study in which they analyzed samples obtained from patients with skin affections, 
131 men and 104 women, after a tsunami caused by a 9.0 magnitude earthquake on 
the Richter scale that hit the South Asian and East African coastal areas. Their 
results showed that the most prevalent skin problems were infection-infestations 
(32.5%), followed by eczema (29.8%) and traumatic skin disorders (29.4%). The 
infestation cases corresponded to superficial fungal infections (14.3%), where tinea 
corporis was the most common fungal disease (5.3%).
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Table 4.1 Clinical forms of dermatophytoses

Clinical form Characteristics Etiological agent

Tinea capitis It is an infection that occurs mainly in 
children and adolescents, in which the hair 
and scalp are affected. According to the type 
of lesion, they are classified as dry or 
inflammatory. The dry type is divided into 
two varieties: Microsporic and trichophytic

Microsporic variety: M. 
canis, M. gypseum, and M. 
audouinii. Trichophytic 
variety: T. tonsuras, T. 
mentagrophytes, and T. 
rubrum

Tinea favosa Favus or tinea favosa is characterized by 
being a chronic infection of the scalp mainly

The causative agents are 
more related to the genus 
Trichophyton, while in 
developing countries, they 
are associated with species 
of the genus Microsporum

Tinea barbae Also called dermatophytic psychosis, it 
occurs almost exclusively in adolescent and 
adult men
Two clinical variants can be diagnosed, the 
inflammatory and the non-inflammatory

Inflammatory variety: 
Zoophilic dermatophytes, 
such as T. mentagrophytes, 
T. verrucosum, M. canis, and 
T. erinacei
Non-inflammatory variety: 
Anthropophilic 
dermatophytes such as T. 
rubrum, T. violaceum, and T. 
tonsurans

Tinea pedis It is also called athlete’s foot
Tinea pedis is classified into four varieties 
according to their clinical characteristics: (a) 
intertriginous; (b) vesicular; (c) moccasin, 
also called chronic hyperkeratotic; and (d) 
acute ulceration

Intertriginosa: 
Anthropophilic 
dermatophytes like T. 
rubrum and E. floccosum
Vesiculosa: Zoophilic 
dermatophyte species of the 
T. mentagrophytes complex
Moccasin: Anthropophilic 
dermatophyte T. rubrum
Acute ulcer: Zoophilic 
dermatophytes T. 
interdigitale, T. 
mentagrophytes, and M. 
canis

Tinea manuum Uncommon infection that affects mainly the 
interdigital, dorsal, and palmar regions. It 
usually affects one hand, although sometimes 
both hands are affected. It has been classified 
as a hyperkeratotic and inflammatory variety

Hyperkeratotic variety: T. 
rubrum
Inflammatory variety: 
Zoophilic dermatophytes T. 
mentagrophytes, T. erinacei, 
and M. canis, and those of 
anthropophilic origin like T. 
rubrum and E. floccosum are 
also involved

(continued)
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Likewise, Bayramgurler et al. (2002) reported that after a 7.4 magnitude earth-
quake on the Richter scale in the Marmara Region of Turkey, infection-infestations 
were the most prevalent dermatological problems, being superficial skin fungal 
infections the vast majority of infection-infestation cases. Tinea pedis was the most 
common superficial mycosis after the earthquake.

Table 4.1 (continued)

Clinical form Characteristics Etiological agent

Tinea cruris Also known as jock itch, it affects mainly 
adult men due to the occlusive function of the 
scrotum that produces a humid and warm 
environment

T. rubrum, T. 
mentagrophytes, and E. 
floccosum

Tinea imbricata This ringworm is chronic and the most 
superficial and driest of all. It is distributed in 
a limited way in isolated rural communities. 
Some of the most affected geographical 
places are the islands of Oceania (Polynesia 
and Melanesia), where the disease is called 
Tokelau. With less frequency in India, central 
and South America; in Brazil, it is known as 
Chimberé

T. concentricum

Tinea corporis This infection occurs on exposed hairless 
skin, more commonly on the neck, trunk, 
shoulders, and extremities and more 
sporadically on the legs. There are two 
varieties: Microsporic and trichophytic

M. canis, T. rubrum, T. 
mentagrophytes, T. 
tonsurans, and E. floccosum

Dermatophytic 
granuloma or 
trichophytic 
granuloma

Also called Majocchi’s granuloma, it can 
occur in the dermis and subcutaneous tissue; 
predisposition has been seen in both 
immunocompetent and immunosuppressed 
patients, but the latter are the most affected. 
The areas of the body in which it is most 
frequently found are the scalp and the beard

T. rubrum, T. tonsurans, and 
T. mentagrophytes var. 
mentagrophytes

Tinea unguium Also called dermatophytic onychomycosis, it 
occurs in both fingernails and toenails and is 
closely related to the presence of tinea pedis
It is classified as distal-lateral subungual 
onychomycosis; superficial onychomycosis, 
which presents two modalities, white and 
black; proximal white subungual 
onychomycosis; endonyx onychomycosis; 
mixed pattern onychomycosis; total 
dystrophic onychomycosis

Distal-lateral subungual 
onychomycosis: T. rubrum, 
T. mentagrophytes var. 
interdigitale, T. 
mentagrophytes var. 
nodulare
Superficial onychomycosis: 
T. rubrum, T. 
mentagrophytes var. 
interdigitale
Proximal white subungual 
onychomycosis: T. rubrum, 
T. mentagrophytes var. 
interdigitale
Onychomycosis endonyx: T. 
soudanense and T. violaceum
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On the other hand, a variation in dermatophytosis infection patterns has been 
evidenced in different countries such as Algeria (Djeridane et  al. 2006), South 
Africa (Vismer and Findlay 1988), Mexico (Manzano-Gayosso et al. 1994), Italy 
(Filipello et al. 1996), Japan (Kasai 2001), the United States (Weitzman et al. 1998), 
Canada (Gupta and Summerbell 1998), Brazil (Costa et al. 1999), India (Patwardhan 
and Dave 1999), and Australia (Coloe and Baird 1999). This heterogeneity appears 
to be influenced by factors such as climate (humidity, temperature), lifestyle, par-
ticipation in outdoor activities, and the prevalence of underlying diseases (diabetes, 
human immunodeficiency virus [HIV]).

In recent years, there has been an epidemiological transformation of dermato-
phytes in India. T. rubrum remained the predominant dermatophyte; however, 
T. mentagrophytes has currently emerged throughout the country (Nenoff et  al. 
2019; Verma and Madhu 2017) (Fig. 4.1). This change is noticeable because the 
prevalence of T. mentagrophytes used to be 20%, and in a period of 15 years, it has 
increased to more than 90%. The authors suggest that the prevalence of T. mentag-
rophytes is caused by the appearance of a new genotype called the STI Type VIII 
genotype that has adapted to climate change. This acclimation allowed the new 
genotype to develop certain characteristics like a more efficient person-to-person 
transmission and the production of more inflammatory and eruptive lesions, with a 
predilection for the face (Nenoff et al. 2019; Verma and Madhu 2017). Besides, the 

Fig. 4.1 Microconidia and macroconidia produced by Trichophytom mentagrophytes on potato 
dextrose agar in 10  days at 28  °C.  Lactophenol cotton blue staining (picture taken with light 
microscopy at 40×)
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surge of this mycosis is probably because this genotype has a clonal reproduction, 
which is an interesting finding since clonality is a characteristic of many fungal spe-
cies that are expanding (Gladieux et al. 2015). Clonality can also be the means that 
favor the spread and establishment of a new population (Bazin et al. 2014; Caron 
et al. 2014).

On the other hand, within dermatophytoses, it is common to see an increment in 
the incidence of onychomycosis and tinea pedis in spring and summer worldwide 
due to the higher humidity and temperature conditions that favor fungal develop-
ment. The latter was described by Fuentes-Rivera (2000), who conducted an ony-
chomycosis clinical study in students from Chile, where the incidence increased in 
spring and summer. The study also showed an increasing persistence of onychomy-
cosis, particularly in the autumn of 1998, explained by the typical summer climatic 
conditions that extended into this season due to the “El Niño” phenomenon. “El 
Niño” is a recurring oceanographic and climatic phenomenon that originated in the 
Pacific Ocean with worldwide repercussions. It occurs with an approximate 5-year 
periodicity and was last observed in the summer of 1998.

At the same time, in Peru, “El Niño” also caused in 1998 a marked increase in 
temperature and river rainfall, mainly affecting the northern part of the country. The 
departments of Piura and Tumbes especially suffered terrible damage in their eco-
systems and human habitat. This situation resulted in a surge of dermatological 
diseases, including tineas (Bravo Sosu and Bravo Puccio 2001), demonstrating that 
temperature and humidity conditions are almost decisive in dermatophytoses spread.

Also, in Saudi Arabia, a country with a hot climate, high prevalence of onycho-
mycosis has been reported, followed by tinea capitis, tinea pedis, tinea cruris, and 
tinea corporis (Abanmi et al. 2008). It has been shown that onychomycosis preva-
lence in hot environments is given by climatic conditions, which are a crucial 
requirement for fungal growth, which will then lead to acute symptomatic exacerba-
tions. Also, human behavioral patterns are critical for the multiplication and spread 
of infection (Kam et al. 1997).

It is also important to highlight some in vitro studies aimed to elucidate how 
humidity and temperature affect fungal penetration through the stratum corneum, 
primarily T. rubrum and T. mentagrophytes, the main causative agents of ringworms 
in the stratum corneum. The studies were conducted in different humidity condi-
tions at a 35 °C temperature. Both fungi penetrated the stratum corneum at 90 and 
100% humidity. The dermatophyte invasion rate was slower at 80% humidity 
(Morishita et  al. 2004) but increased proportionally with humidity growing (Ide 
et al. 1999; Ninomiya et al. 1998). Therefore, for T. rubrum and T. mentagrophytes 
to penetrate and proliferate in the stratum corneum, a humidity of at least 90% is 
required (Chittasobhon and Smith 1979; Morishita et al. 2004). On the other hand, 
it is essential to mention that in the case of tinea manuum, tinea corporis, and tinea 
capitis, the humidity was not the main factor contributing to the evolvement of these 
dermatophytoses, but rather the high-temperature environment (Ninomiya et  al. 
1998). Thus, two factors are necessary for the development of dermatophytoses: an 
environment with high temperature and humidity and sufficient time to allow the 
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dermatophyte adhesion to the stratum corneum (Chittasobhon and Smith 1979; 
Sakka et al. 2015).

4.4  The Geographical Spread of Dermatophytoses 
as a Consequence of Climate Change

Climate change influences the formation of dust storms, which have a crucial role 
in pathogen dispersal around the planet and can result in a transmission route. Many 
microorganisms can be aerosolized, and most can be transported over short dis-
tances. Other microorganisms can associate with larger soil particles, and others can 
die or lose viability during transport due to dehydration, UV ray exposure, and low 
nutrient availability (Burrows et  al. 2009; Griffin et  al. 2007). However, some 
microorganisms can withstand adverse conditions during transport, allowing them 
to travel long distances and locating in other geographic areas (Burrows et al. 2009; 
Griffin et  al. 2007). Among these microorganisms are dermatophytes since they 
have been isolated from dust samples. Especially members of the Microsporum and 
Trichophyton genera can survive because they can form spores that allow them to 
remain in a latent state until the non-conducive growth conditions change in the 
environment and become conducive (Griffin et al. 2003, 2007). Also, some of these 
fungi have hydrophobins, a family of highly hydrophobic secretory fungal proteins 
that coat the fungal walls and facilitate air dispersion favoring their survival 
(Heddergott et al. 2012). Thus, the dispersal of microorganisms through dust storms 
can be a critical factor in the distribution and geographic expansion of 
dermatophytes.

Finally, the increasing number of dermatophytosis in animals may be associated 
with relocating exotic species out of their natural environment. Such is the case for 
South American alpacas, exported to Europe, where they have been turned into farm 
and companion animals. The change in their natural habitat and climate results in 
them being more susceptible to other dermatophyte species, which are easily trans-
mitted between animals and humans. It is estimated that currently, the alpaca popu-
lation is 35,000 individuals in Great Britain, 20,000 in the United States, and 2000 in 
Poland (Twomey et al. 2014). Thus, animal importation, which must adapt to new 
climatic conditions and undergo lifestyle changes, results in modifying geographic 
distribution and dermatophyte reservoirs (Hiruma et al. 2015; Sabou et al. 2018).

4.5  Conclusion

The close relationship between dermatophytoses and climate change has been evi-
denced through various mechanisms such as infections with spores dispersed by 
dust storms; traumatic implantation of fungi in wounds through contaminated water, 
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organic matter, and natural disasters (floods, tsunamis); the appearance of new der-
matophytes; or an increased number of known dermatophyte infections due to 
changing characteristics of the physical environment. In the face of the emergence 
of new dermatophytoses caused by temperature increase and the expansion of eco-
logical niches, it is necessary to alert physicians, as they may run the risk of inad-
vertently delaying diagnoses and not providing adequate pharmacotherapeutic 
treatment for patients.
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5.1  Introduction

Climate change is a concept that involves a shift in long-term weather patterns in the 
world (VijayaVenkataRaman et al. 2012). It has been suggested that greenhouse gas 
(GHG) emissions derived mainly from human activities are responsible for a 1 °C 
increase in global temperature since preindustrial times and that this increase could 
reach 1.5 °C between 2030 and 2052 (IPCC 2014). The greenhouse gases in the 
atmosphere and the rise of global temperature are responsible for other changes, 
such as a change in temperature and precipitation patterns; an increase in ocean 
temperatures, sea level, and acidity; the melting of glaciers and sea ice; and changes 
in the frequency, intensity, and duration of extreme weather events (EPA 2007). It 
has been hypothesized that an increase in global temperature could impact ecosys-
tems and biodiversity, modifying community composition and the extension, distri-
bution, proliferation, and extinction of several species (Zhai et al. 2018).

Human health is connected to the weather and climate since natural disasters 
such as droughts, floods, and cyclones directly affect nutrition and can trigger infec-
tious diseases outbreaks (WMO 2012). Increased temperatures, precipitation 
extremes, extreme weather events, and a rise in sea level expose the human popula-
tion to extreme heat, poor air quality, reduced food and water quality, changes in 
infectious agents, and population displacement, which consequently result in heat- 
related illnesses; cardiopulmonary illnesses; food-, water-, and vector-borne dis-
eases; and mental health problems and stress (EPA 2007).

In recent years, research concerning the impact of climate change on infectious 
diseases has increased, especially research on vector-borne diseases. Despite tech-
nological advances enabling the construction of models that provide scenarios for 
specific parameters, climate projections are challenging and complex. The lack of 
data, uncertainty, and bias allow for a broad spectrum of possibilities regarding the 
behavior of microbial communities during climate change events (Booth 2018).

Fungal infections have been neglected infectious diseases despite being a global 
public health problem causing morbidity, mortality, and disability in millions of 
people –according to estimations, mainly affecting immunocompromised popula-
tions (Almeida et al. 2019; Casadevall 2019; Fisher et al. 2018). Rarely are potential 
pathogenic fungi isolated from airborne, soilborne, or water samples, and, when 
found, they are present in meager proportions. Its pathogenic capacity in humans, 
according to Köhler et al. (2015), is the result of adding four primary characteristics 
together: thermotolerance, the ability to penetrate or enter host tissues, the ability to 
use host tissues as substrate, and the evasion of the host immune response. Recent 
estimates suggest there are a high number of fungal infection cases related to immu-
nocompromised populations (Rodrigues and Albuquerque 2018).

Some scenarios in which new environmental conditions may favor the presence of 
some etiological agents that cause mycosis have been proposed. Various physiological 
characteristics of human pathogenic fungi could be considered advantageous in a 
global warming scenario, such as thermotolerance, dimorphism, melanin production, 
long latency periods, stress response, and toxin production (Garcia- Solache and 
Casadevall 2010). In addition, the incidence of some mycoses is restricted to endemic 
areas. Local changes in weather patterns, land-use change, and migration can modify 
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the distribution and composition of fungal communities by reducing particular habitats 
and favoring others. However, some environmental factors such as low humidity, spe-
cific nutrients, or pH could inhibit fungal growth (Deacon 2005).

5.2  Sporothrix Features

Some characteristics of Sporothrix spp. may be advantageous in global warming sce-
narios. This fungus is a dimorphic and saprobic ascomycete that is isolated from plants, 
insects, and infected mammals. According to the Index Fungorum and the Mycobank, 
there are approximately 100 records of Sporothrix species, of which only 8 species are 
related to clinical cases: S. schenckii s. str., S. brasiliensis, S. globosa, S. luriei, S. mexi-
cana, S. chilensis, S. pallida, and S. stenoceras (Orofino- Costa et al. 2017).

The species related to sporotrichosis infection are transmitted predominantly by 
plant or soil traumatism, except for S. brasiliensis, linked mainly to zoonotic infections.

Many pathogenic fungi (including those belonging to the genus Sporothrix) have 
features that make them potentially threatening. Unlike bacteria and viruses, these 
fungi do not need a host to carry out their life cycle, survive, or spread. In addition, 
they can remain dormant for long periods and under extreme conditions, and some 
fungi can produce an infection in a broad spectrum of hosts (Casadevall 2019).

One of the most recognized pathogenic factors of Sporothrix spp. is dimorphism, 
or the ability to switch from a filamentous form to yeast in response to changes in 
temperature. But there are other environmental conditions such as CO2 tension, 
exogenous cysteine, and estradiol that are responsible for the dimorphism reported 
in other thermodimorphic fungi (Boyce and Andrianopoulos 2015; Gauthier 2017). 
In the environment (at a temperature of 25  °C), the Sporothrix species grows as 
spore-producing filamentous fungi (Fig. 5.1), while within the host mammals (at a 
temperature of 35–37 °C), it acquires the yeast form and can cause an infection 
(Téllez et al. 2014). The mechanisms behind dimorphism in fungi are still being 
elucidated, but some studies have suggested the participation of heterotrimeric G 
proteins, calcium uptake, and the mitogen-activated protein-kinase (MAPK) 
signaling cascade, among others, in these mechanisms (Hou et  al. 2013; Téllez 
et al. 2014).

Fig. 5.1 Macro and micromorphology features of Sporothrix schenckii strain EH-143. (a1) 
Colony on PDA (Potato Dextrose Agar), grown at 28 °C. (a2) Reverse of the colony. (b) Typical 
S. schenckii micromorphology with conidiophores arising from thin septate hyphae and conidia in 
clusters, 100× cotton blue
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Another factor involved in the pathogenicity of this fungus is the production of 
melanin. This pigment protects the microorganism by reducing its susceptibility to 
enzymatic degradation, gamma and ultraviolet radiation, oxygen and nitrogen free 
radicals, heavy metal toxicity, extreme temperatures, phagocytosis, and some anti-
fungals in the environment and within the host during infection (de S Araújo et al. 
2017; Téllez et  al. 2014). Other pathogenicity and virulence characteristics of 
Sporothrix are the expression of adhesins and the production of enzymes such as 
urease, superoxide dismutase, phospholipases, DNase, proteases, and gelatinase 
that degrade host tissues to obtain nutrients and protect the fungus against antimi-
crobial mechanisms (de S Araújo et al. 2017; Téllez et al. 2014).

Furthermore, it has been observed that this fungus can produce its siderophores 
in response to low environmental concentrations of iron, which could help it survive 
within the host (Pérez-Sánchez et  al. 2010; Téllez et  al. 2014). Some Sporothrix 
strains isolated from air filters exposed to hydrocarbon pollutants can assimilate 
volatile aromatic hydrocarbons as their sole carbon and energy source (Prenafeta- 
Boldu and Summerbell 2006). S. schenkii can survive under extreme environmental 
conditions, such as low temperatures, extreme osmolarity conditions, and different 
levels of ultraviolet radiation (Mendoza et al. 2005; Pasarell and McGinnis 1992; 
Téllez et al. 2014).

5.3  Epidemiology

For a long time, S. schenkii was considered the only etiological agent of sporotrichosis. 
However, phylogenetic analysis and a cladistic approach have elucidated cryptic spe-
cies (S. brasiliensis, S. schenckii sensu stricto, S. globosa, and S. luriei) within 
Sporothrix schenckii (Marimon et al. 2007; Rodrigues et al. 2014a, b). Most cases of 
sporotrichosis are found in temperate, subtropical areas with high humidity levels, 
altitudes of approximately 2000 m.a.s.l., and summer rains. According to a meta-anal-
ysis, Sporothrix spp. have specific ecological niches within endemic areas, and they 
grow in soils between 6.6 and 28.84 °C, with a pH between 3.5 and 9.4, and relative 
humidity between 37.5 and 99.06% (Ramírez-Soto et al. 2018). They have been asso-
ciated with some plants, flowers, decaying wood, and cane leaves (de Meyer et al. 2018).

An interesting phenomenon of sporotrichosis is that most cases are related to 
specific outbreaks. So, population genetics analyses have evidenced a particular 
geographical distribution for Sporothrix species: S. globose is more frequent in 
Asia; S. brasiliensis, in southeastern South America; and S. schenckii, in Africa, 
Australia, the western part of South America, and Central and North America—due 
to its broader range (Chakrabarti et al. 2015; Orofino-Costa et al. 2017; Zhang et al. 
2015). However, these findings do not necessarily reflect the distribution of 
Sporothrix species in nature since most of them are based on studies of clinical 
isolates. Few studies have searched for Sporothrix species in soils in endemic areas 
(Mackinnon et al. 1969; Rodrigues et al. 2014a, b).

Recently, new clinical cases have been reported in non-endemic regions. In 
Inokuma et al. 2010, Inokuma et al. reported two cases in Hokkaido, Japan (a region 
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characterized by its temperate-cold climate), where, as proposed by the authors, an 
increase in the incidence of sporotrichosis had been reported in the last decades, 
probably due to global warming.

In de Oliveira et al. 2014, de Oliveira et al. reported the first autochthonous case 
of human sporotrichosis by S. globose in an immunocompetent patient from 
Portugal. In the same year, the first case of human cutaneous sporotrichosis in 
Northern Australia was reported (Subedi et al. 2014). The reemergence of infectious 
diseases is linked to several factors as migration, global exchange of goods, drug 
resistance strains, inadequate vaccination of the population, and habitat fragmenta-
tion (NIH 2007).

5.3.1  Outbreaks

One of the first records of sporotrichosis outbreaks occurred in France in 1912, with 
200 cases approximately (Zhang et al. 2015). In South Africa, in the Gauteng prov-
ince, 3000 sporotrichosis cases in gold mineworkers at the Witwatersrand were 
reported between 1941 and 1943 (Quintal 2000). Another outbreak in 1978  in 
Guatemala, in an area surrounding Lake Ayarza, involved 53 patients, of which 
45.3% were cases of patients who had come in contact with and handled fish 
(Mayorga et al. 1978).

In the United States, from 1941 to 1994, several outbreaks of sporotrichosis 
related to having contact with moss of the genus Sphagnum were reported among 
patients who were forest workers, botanists, and nursery workers. The largest of 
these outbreaks included 84 patients, and it was reported in New  York in 1988 
(Bravo 2012). In Australia, an outbreak of sporotrichosis associated with exposure 
to hay between 2000 and 2003 was also reported (Feeney et al. 2007). In China, 
retrospective studies have revealed large series of sporotrichosis cases (Song et al. 
2013; Yu et al. 2013).

In recent years, autochthonous cases have been recorded in non-endemic areas 
such as the United Kingdom or certain regions in Japan (Inokuma et al. 2010; Makri 
et al. 2020).

5.3.2  Zoonotic Outbreaks

As already mentioned, sporotrichosis infection is caused most frequently by trau-
matic inoculation with contaminated soil or organic matter. However, it can also be 
transmitted between animals (cat-cat) or by zoonotic transmission (cat-human) 
from bites or scratches from infected cats (Gremião et al. 2017), other mammals 
(squirrels and bats) (Saravanakumar et al. 1996; Zhang et al. 2015), and arthropod 
bites (ants and spiders) (Miller and Keeling 2002; Moaven et al. 1999). Sporotrichosis 
is considered an emerging zoonosis (Bravo 2012). Its incidence has been increasing 
in recent decades. Southeastern Brazil is the region where the highest number of 
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cases of feline sporotrichosis has been reported, with S. brasiliensis being the main 
causative agent. Up until 2016, 4669 cases of sporotrichosis in humans, transmitted 
by infected cats, had been reported in Rio de Janeiro. Outside of this country, most 
cases of feline sporotrichosis are caused by S. schenkii, and only isolated cases of 
transmission to humans have been reported in the United States, Mexico, Argentina, 
India, and Malaysia (Gremião et al. 2017).

In recent years, for the first time, cases of feline sporotrichosis have been reported 
in other countries. A conjunctival sporotrichosis from cat to human was reported in 
Thailand (Reinprayoon et al. 2020). In 2018, the first case of cutaneous sporotricho-
sis transmitted by a cat was reported in a 34-year-old man in Panama (Ríos et al. 
2018). And in 2020, the first case of feline cutaneous sporotrichosis by S. humicola 
was reported in the United Kingdom (Makri et al. 2020).

Since a description of sporotrichosis became available, worldwide outbreaks 
mainly related to anthropogenic activities such as mining, agriculture, and fishing 
have been reported. The prevalence and incidence of sporotrichosis in endemic 
areas vary according to local activities. For example, in China, it is more frequent in 
women since they are more involved in agricultural activities, while in Mexico, it is 
more frequent in 0- to 15-year-old males (Toriello et al. 2021).

Recently, deep mycoses have increased due to a rise in the immunocompromised 
population, due to either HIV or therapeutics (immunomodulators, steroids, 
chemotherapy).

5.4  Clinical Presentation

Sporotrichosis is considered a neglected tropical disease (NTD) by the World Health 
Organization (WHO) since 2017. These diseases affect more than one billion peo-
ple: primarily, populations living in tropical and subtropical climates (Malecela and 
Ducker 2020).

The diagnosis of this mycosis is complex since mild infections are not usually 
treated, epidemiological surveillance is not mandatory, and the laboratory diagnos-
tic is inaccessible in endemic areas.

This mycosis affects the skin and lymphatic tissue and, more rarely, the lungs, 
meninges, and osteoarticular structures—especially in immunocompromised 
patients (de Lima-Barros et al. 2011; Orofino-Costa et al. 2017; Toriello et al. 2021). 
Clinical manifestations depend on factors such as the immunological status of the 
host, the inoculum amount, and the virulence of the species or strain (Arrillaga- 
Moncrieff et al. 2009). The most common clinical form is primary cutaneous sporo-
trichosis. Within this category, the lymphocutaneous, fixed cutaneous, and 
disseminated cutaneous sporotrichosis can be found. The lymphocutaneous form 
(75% of cases) most frequently affects exposed areas of the body, such as the 
extremities and face (de Lima-Barros et al. 2011). The fixed cutaneous form is char-
acterized by an isolated lesion located only at the inoculation site, and it is more 
frequent in children (de Lima-Barros et  al. 2011; Tlougan et  al. 2009). The 
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disseminated cutaneous form presents multiple lesions in noncontiguous body seg-
ments without extracutaneous manifestations. This latter form of sporotrichosis was 
rare and mainly associated with immunocompromised patients. However, its fre-
quency has increased since the emergence of cases due to zoonotic transmission. 
Extracutaneous forms are rare. They occur more frequently in immunocompro-
mised individuals, such as those with a history of HIV infection, alcoholism, or 
diabetes mellitus (de Lima-Barros et al. 2011).

5.5  Natural Disasters

It has been hypothesized that the occurrence of natural disasters such as tsunamis, 
floods, hurricanes, and tornadoes can displace pathogenic agents (as fungi) from 
their natural habitats (Benedict and Park 2014), dislocate human populations, 
decrease vaccination coverage, promote an inadequate infrastructure for sanitation 
and hygiene, and restrict access to health services (Benedict and Park 2014). In 
studies that review the health impact of some natural disasters, it has been observed 
that dermatological diseases are among those most frequently encountered during 
floods, along with gastrointestinal and respiratory diseases. Noninfectious and 
infectious dermatological diseases increased by up to 20% after the occurrence of a 
flood (Dayrit et al. 2018; Bandino et al. 2015).

Regarding mycoses, the infection mechanism can occur mainly through trauma 
or inhalation of conidia by exposition to organic matter or contaminated water. In 
natural disasters, these conditions are persistent, and vulnerable populations (low- 
income populations and older adults) have a greater chance of exposure (Benedict 
and Park 2014).

Due to the complexity of climate change and deep mycoses such as sporotricho-
sis, it is difficult to establish a direct association between them or make projections 
of future scenarios. However, some data suggest there is a link to possible environ-
mental changes (climate change); for example, the emergence of sporotrichosis in 
non-endemic regions, the cases of sporotrichosis by low-virulence species, and the 
emergence of outbreaks in other mammals (feline sporotrichosis in Brazil) (Fig. 5.2).

A rise in global temperature could lead to having less restricted geographic areas 
of endemic mycoses, which would facilitate the interaction of environmental strains 
with human populations, thus leading to the emergence of a greater number of cases 
and new strain pathogens (de S Araújo et al. 2017).

Until now, no sporotrichosis outbreaks related to the occurrence of natural disas-
ters have been reported. However, the evidence indicates that many fungal infec-
tions may increase with the environmental conditions caused by climate change, 
including some subcutaneous mycoses.

Although there is evidence that supports the link between climate change and the 
shifts in the epidemiology of sporotrichosis, we must consider the participation of 
other factors such as an increase in immunosuppressed populations, the greater 
availability of tools for the diagnosis, the mobilization of human and fungal 
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populations due to the reduction of certain habitats, and the change in land use and 
urbanization (de S Araújo et al. 2017). More studies are needed to determine the real 
impact of climate change on sporotrichosis.

5.6  Conclusion

Due to an increase in the frequency and intensity of natural disasters caused by cli-
mate change, it is necessary to remain alert for possible sporotrichosis outbreaks 
related to these events in the future since they represent a threat that could reach 
catastrophic proportions, not only for human health but also for environmental 
issues (phytosanitary and various animal species). Still, it has been shown that little 
attention has been given to mycology research.
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PCR Polymerase chain reaction
RFLP Restriction fragment length polymorphism

6.1  Introduction

Mycetoma is known as a chronic infection involving the skin and subcutaneous tis-
sues with a tendency to invade the bones (Reis and Reis-Filho 2018). This disease 
is characterized by relatively indolent and deforming as well as swollen lesions. 
Mycetoma results from the traumatic implantation of organisms that inhabit the 
soil. The lesions are constituted by suppurating abscesses and draining sinuses with 
the presence of “grains,” which are a conglomerate of the etiologic agents (Fig. 6.1). 
Causal agents are from exogenous origin, and they can be fungi (eumycetoma) or 
actinomycetes (actinomycetoma). Disease chronicity and severity depend on the 
timing of diagnosis. Different reports indicate that this disease affects mainly 
exposed body parts, particularly the feet and hands, but many cases are in vital 

Fig. 6.1 Eumycetoma caused by Madurella mycetomatis. (a) Clinical case. (b) Black grains 
obtained from lesions. (c) M. mycetomatis grown on Sabouraud dextrose agar (2 weeks at 28 °C). 
(d) Phialides and conidia are produced in cornmeal agar (1 week at 28 °C)
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zones near to central nervous system, such as the back, neck, and head. These loca-
tions increase the severity of the disease (Mahgoub et al. 1987).

Diagnosis is based on clinical data and laboratory studies for the detection of 
fungal structures (grains) in the infected tissue and isolation and identification of the 
causal agent. Phenotypic characteristics and, if possible, molecular procedures help 
to determine the identity of the causative agent. Treatment is different for both acti-
nomycetoma and eumycetoma, hence the importance of establishing a timely diag-
nosis (Estrada-Castañón et  al. 2019). The systemic antibacterial drugs are 
fundamental for actinomycetoma. Systemic antifungal drugs, alone or combined, 
are recommended for eumycetoma, and in specific cases, surgery is combined with 
antifungal drugs (Ameen and Arenas 2009). This chapter is focused only on eumy-
cetoma, that is, mycetoma caused by fungi.

6.2  Geographic Distribution

Even though cases of mycetoma are reported worldwide, including countries with 
high economic levels, such as the United Kingdom (Hay and Mackenzie 1983) or 
the United States, most epidemiological studies agree that this pathology is more 
frequent in countries located between latitudes 15° S and 30° N. This zone is known 
as the “mycetoma belt” (Mariat 1963). Sudan has the greatest presence of myce-
toma (Abbott 1956; Fahal et al. 2015). Other highly endemic African countries are 
Yibuti, Senegal (Sow et al. 2020), and Somalia (Emery and Denning 2020); India in 
Asia (Dubey et al. 2019); and Mexico (Bonifaz et al. 2014; Lavalle 1966; López- 
Martínez et al. 2013), Brazil, and Argentina in America (Emery and Denning 2020). 
Figure 6.2 shows the countries where eumycetoma cases are recorded.

Up to the year 2013, there were a total of 3933 mycetoma reported cases in 
Mexico, but only 137 were caused by fungi. Bonifaz et  al. (2014) reported 482 
cases, mainly distributed in states of the center of Mexico, the Gulf of Mexico, and 
the Pacific Ocean. The central states are temperate, while the coastal areas are tropi-
cal. Of these cases, only 38 were eumycetoma cases. Recently, we have not pub-
lished the available data to know the mycetoma cases tendency over time. However, 
we established personal communication with collaborators responsible for mycosis 
diagnostic centers. Thus, the Professor and Mycologist at the Autonomous 
University of Sinaloa, Fernando Muñoz, informed that he attended 490 mycetoma 
cases during the last 20 years, from which 59 corresponded to eumycetoma (per-
sonal communication 2021). In Guerrero, México, there have been six published 
eumycetoma cases (five from Acapulco and one from Oaxaca) (Chávez et al. 1998). 
Finally, at the Civil Hospital of Acapulco in the State of Guerrero, Dr. Romero- 
Navarrete and Dr. Castillo Solana have diagnosed seven mycetoma cases, from 
which the only one was eumycetoma (personal communication 2021).

In general, the available casuistries show that eumycetomas are more numerous 
in African countries. For example, in Mexico, published reviews by diverse authors 
report a predominance of actinomycetoma, mainly caused by N. brasiliensis 
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(Bonifaz et al. 2014; Lavalle 1966; López-Martínez et al. 2013). In America, the 
only exception is Brazil where eumycetoma corresponds to 68% of mycetoma cases 
(Sampaio et al. 2017). By contrast, in Sudan, out of 6792 cases reviewed between 
1991 and 2014, eumycetoma caused by M. mycetomatis represented 70% of patients 
(Ahmed et al. 2002).

6.3  Risk Factors

6.3.1  Socioeconomic Conditions

Mycetoma is part of the so-called neglected diseases that occur with most frequency 
in countries with low development as in many African (Kwizera et al. 2020) and 
Latin American countries (Mattei et al. 2013; Sampaio et al. 2015), where working 
conditions lead to injuries that can be contaminated with various microorganisms 
and where medical services are scarce and lack the equipment and personnel trained 
for rapid and brief diagnosis (Hay et al. 2019). According to the data on poverty 
measurement in Mexico gathered by the CONEVAL (Consejo Nacional de 
Evaluación de la Política de Desarrollo Social; www.coneval.org.mx), in 2018, the 
deficiencies in the Mexican population are as follows: 16.2% in health services; 
57.3% in social security; 20.4% in feeding; 16.9% had educational backwardness; 
and 19.8% did not have access to basic services at home, particularly water. Based 

Fig. 6.2 Map showing the countries where eumycetoma cases have been published (2020)
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on INEGI (Instituto Nacional de Estadística y Geografía; inegi.org.mx) data from 
2018, 5.5 million people work in the fields, concentrated in the states of Chiapas, 
Oaxaca, Guerrero, Puebla, and Veracruz; 56% are farmers and 44% support farm-
workers (laborers and day laborers); 11% are women; 64% have an average age of 
41.7 years, and 45.2% that support farmworkers are between 15 and 29 years old. 
Regarding the educational level, 50% do not have an academic education and only 
half of those who do finished primary school. In addition, most of the farmers who 
use rudimentary tools to work are exposed to frequent trauma. This national view 
explains the high incidence of mycetoma cases in Mexico.

6.3.2  Genetic Factors

Despite all the farmers who are exposed to traumatic wounds contaminated with 
soil or vegetable detritus, only a small proportion of them develop the disease. In 
Sudan, 62% of mycetoma patients have relatives with the same pathology. Regarding 
histocompatibility antigens, Al Dawi et al. (2013) analyzed human leukocyte anti-
gen (HLA)-DRB1 and HLA-DQB1 allele frequencies among confirmed eumyce-
toma patients compared with matched controls. The HLA-DRB1 and HLA-DRB113 
alleles showed significant association with eumycetoma infection (P = 0.044, odds 
ratio [OR] = 2.629).

Interestingly, the HLA-DRB102 allele had a high frequency in the control group 
(9.8%, P = 0.047), while it was absent in the eumycetoma patients, suggesting a 
protective role against eumycetoma. For HLA-DQB1 alleles, the HLA-DQB15 
allele showed a significantly higher frequency in mycetoma patients than in healthy 
controls (P = 0.029, OR = 3.471), indicating a possible association between this 
allele and the development of clinical mycetoma. The authors concluded that it is 
necessary to increase the number of patients and controls to obtain conclusive 
results.

6.3.3  Immune Factors

Several studies have shown that the protective response in mycosis is cellular type 
(Th1). In a recent serum study, Th1- and Th2-response cytokines in two M. myceto-
matis mycetoma groups were compared. Group 1 was treated with antifungal drugs; 
group 2 was treated with surgery. Those patients treated with antifungal drugs had a 
Th2 cytokine profile, and group 2 had a Th1 profile with a better therapeutic 
response (Nasr et al. 2016).
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6.3.4  Hormonal Influence

Several epidemiological and clinical observations have suggested a possible rela-
tionship between mycetoma and hormonal status. Mycetoma is more frequent in 
men than women in a 3:1 ratio (variable depending on the endemic country). This 
ratio is maintained even though women from rural areas are exposed to greater inju-
ries than women from urban areas. Some children with mycetoma develop a more 
severe mycetoma as they enter adolescence. This phenomenon has also been 
observed in pregnant women, whose severity of mycetoma decreases after delivery.

Some experimental studies have shown that human sex hormones modify the 
in vitro growth of some mycetoma agents. Méndez-Tovar et al. (1991) reported that 
progesterone reduces the in vitro growth of Madurella mycetomatis and Pyrenochaeta 
romeroi. The exact mechanisms of these effects are unknown, but in other patho-
genic fungi, there is additional information. For example, Trichophyton mentagro-
phytes can metabolize progesterone in secondary products (Clemons et al. 1988). In 
Paracoccidioides brasiliensis, 17-β-estradiol inhibits the in  vitro mycelium- or 
conidia-yeast transformation (Shankar et  al. 2011). In Candida albicans, a 
corticosteroid- binding protein has been characterized. Phialophora verrucosa has a 
receptor with high affinity to progesterone (Hernández-Hernández et  al. 1995). 
Madurella grisea (currently T. grisea), an important eumycetoma agent, was dem-
onstrated to have a gene encoding for the corticosteroid-binding protein (Hernández- 
Hernandez et al. 1999). Therefore, more studies are necessary to show the direct 
effect of human sex hormones on eumycetoma agents.

6.4  Etiological Agents

Up to January 2021, based on a review of the PubMed database, there were about 
21 genera of registered fungi with the ability to cause mycetoma. These include 
hyaline or pigmented fungi (Table 6.1). Most of these agents grow in standard labo-
ratory conditions, and they have been reported in mycetoma highly endemic coun-
tries, indicating that the fungi find adequate climatic and environmental conditions 
for their growth. In recent years, new fungal species causing eumycetoma have been 
reported, particularly due to the greater interest of clinical mycologists and in using 
molecular tools to identify the etiological agents (Aguilar-Donis et al. 2011; Ahmed 
et al. 2014; Campos-Macías et al. 2013; Iriart et al. 2011; Mostert et al. 2005; van 
de Sande 2013, 2014) (Fig. 6.3). Some studies of the isolation of fungi from envi-
ronmental sources are mentioned in the next paragraphs.
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Table 6.1 Etiological agents of eumycetoma recorded in the literature (Medline, 1988–2020)

Genus Species References

Acremonium A. kiliense, A. falciforme
A. recifei, A. blockii

Dubey et al. (2019)

Aspergillus A. nidulans, A. flavus, A. 
terreus

Dubey et al. (2019)

Alternaria A. alternata Dubey et al. (2019)
Arthrographis A. kalrae Chen-Guan Ing et al. (2015)
Candida C. albicans, C. tropicalis Bassiri-Jahromi (2014)
Cylindrocarpon C. destructans

Cylindrocarpon sp.
C. lichenicola

Chazan et al. (2004), Hemashettar 
et al. (2000), Zoutman and Sigler 
(1991)

Chaetomium C. atrobrunneum Mhmoud et al. (2019)
Cladophialophora C. bantiana Gniadek et al. (2019)
Cochliobolus C. spicifer Rippon (1988)
Corynespora C. cassicola Rippon (1988)
Curvularia C. lunata, C. geniculata Desnos-Olivier et al. (2006), Rippon 

(1988)
Diaporthe D. phaseolorum Iriart et al. (2011), Mattei et al. 

(2013)
Exophiala E. jeanselmei, E. 

oligosperma
Desnos-Olivier et al. (2006)

Emarellia E. grisea, E. paragrisea Borman et al. (2016)
Exserohilum (Dreschlera) E. rostrata Rippon (1988)
Fusarium F. solani, F. oxysporum

F. subglutinans, F. 
verticillioides, F. 
incarnatum

Bonifaz et al. (2017), Campos- 
Macías et al. (2013), Dubey et al. 
(2019), Rippon (1988), Yera et al. 
(2003)

Fonsecaea F. pedrosoi Bassiri-Jahromi (2014)
Lasiodiplodia L. theobromae Dubey (2019)
Leptosphaeria 
(Falciformispora)

L. senegalensis, L. 
tompkinsii
(F. senegalensis, F. 
tompkinsii)

Desnos-Olivier et al. (2006)
Ahmed et al. (2014)

Madurella M. mycetomatis, M. grisea
M. pseudomycetomatis
M. fahalii, M. tropicana

Rippon (1988), Desnos-Olivier et al. 
(2006), Yan et al. (2010)
de Hoog et al. (2012), van de Sande 
(2013)

Medicopsis (Pyrenochaeta) M. romeroi Desnos-Olivier et al. (2006), Dubey 
(2019)

Microsporum M. canis Rippon (1988), Ruiz Barbosa et al. 
(2020)

Neotestudina N. rosati Rippon (1988)
Nigrograna N. mackinnonii Ahmed et al. (2018)
Paecilomyces P. lilacinus Bassiri-Jahromi (2014)

(continued)
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6.5  Ecological Conditions

In geographical regions where mycetoma is present, the weather and ecological 
conditions are highly variable. Mexico has all kinds of weather (ecotone). In the 
review published by López-Martínez et  al. (2013), among the 32 states of the 
Mexican Republic, there are registered cases of mycetoma in 24 states. In 2019, 
Peña-Corona-Villanueva (2019) found 36 cases of mycetoma treated at a specialty 
hospital (Instituto Mexicano del Seguro Social) between 1993 and 2016. Regarding 
the mapping of mycetoma in Mexico, the states of Sonora, Chihuahua, and Baja 
California Sur were added but not previously reported. In this work, one case of 
Madurella mycetomatis mycetoma was found; the agent is only reported in states of 
Mexico with more wet weather.

Table 6.1 (continued)

Genus Species References

Phaeoacremonium P. krajdenii, P. parasiticum
P. sphrinctrophorum

Aguilar-Donis et al. (2011), Belkin 
et al. (2020), Hemashettar et al. 
(2006)

Phanerochaete P. chrysosporium Dubey et al. (2019)
Phomopsis P. longicolla Estrada-Castañón et al. (2019)
Plenodomus P. avramii Rippon (1988)
Pleurostomophora P. ochracea Mhmoud et al. (2012)
Pseudochaetosphaeronema P. larense Rippon (1988)
Rhytidhysteron R. rufulum Emery and Denning (2020)
Sarocladium S. kiliense Dubey et al. (2019)
Scedosporium 
(Pseudallescheria)

S. apiospermum (S. 
boydii)

Douglas and Bigelow (1930), Cortez 
et al. (2008), Persaud and Holroyd 
(1968)

Sphaerulina S. rhododendricola Ahmed et al. (2020)
Trematosphaeria 
(Madurella)

T. grisea (M. grisea) Ahmed et al. (2014)

Fig. 6.3 Macro- and microscopic morphology of rare eumycetoma agents grown on Sabouraud 
dextrose agar. (a) and (b), Phaeoacremonium parasiticum. (c) and (d), Fusarium subglutinans
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In African countries with a high frequency of mycetoma, climate variability is 
also evident. Uganda is crossed by a mountain range 1000 to 1500 m above sea 
level, which has temperatures ranging from 20 to 25 °C, and has an 88.8% preva-
lence of eumycetomas. Kwizera et  al. (2020) analyzed on the frequency of the 
pathology in each decade, showing that in the period from 1970 to 1979, there were 
more cases of mycetoma.

Sudan has the oldest and most numerous cases of this condition in the world 
(Lynch 1964). In Sudan, mycetoma is a public health problem, and therefore, it has 
specialized hospitals for the care of this pathology. The country has a strip of humid 
heat on the shores of the Red Sea, with average temperatures of 26–28 °C. In this 
strip, the rains occur between October and January, and the rest of the country is 
desert. Toward the center of the country, the climate is desertic, and near the border 
with Egypt, it shares the Sahara Desert, which has the highest temperatures and sun-
niest land in the world. In 2015, Fahal et al. published a casuistry of 6792 cases; the 
epidemiological characteristics of age, gender, and occupation were like other 
reports. Regarding the type of mycetoma, 4754 cases (70%) were eumycetoma, 
with a clear predominance of M. mycetomatis as an etiological agent.

Senegal is another endemic area of mycetoma. There are two very marked types 
of climates during the year: dry, from the end of May to October, and abundant 
rains, from the end of October to mid-May. Humidity is much more abundant in the 
south, where due to the African monsoon, the territory receives up to 1500 mm of 
water per year. There are desert areas in the northern part of the country with dunes 
and sandstorms and completely arid soils. In this country, Sow et al. (2020) pub-
lished a series of 193 mycetoma cases, from which 47.2% corresponded to eumyce-
toma, 36.8% actinomycetoma, and 16.1% not determined.

Countries close to the African continent, such as Israel, also have reports of 
mycetoma cases. Regional conditions in this country vary considerably, with humid 
summers and mild winters on the coast, dry summers and moderately cold winters 
in mountainous areas, very hot summers and pleasant winters in the Jordan Valley, 
and semidesert conditions throughout the year in the Negev. Bitan et  al. (2017) 
published a series of mycetoma cases diagnosed between 1942 and 2015; 21 patients 
were registered, of which 7 were eumycetomas, 13 were actinomycetoma, and the 
agent was not determined in 1 case.

A few dozen cases of mycetoma have been reported in Brazil. In Rio de Janeiro, 
Sampaio et al. (2015) reported 21 cases diagnosed between 1991 and 2014: 61.9% 
were eumycetoma, and 38.1% were actinomycetoma. Among the fungi identified, 
Scedosporium apiospermum and M. mycetomatis predominated, and Nocardia spp. 
were the most frequent actinomycetes. In Brazil, the climate is of humid tropical 
type; temperatures range between 23 and 27 °C with high humidity caused by rain 
volumes of between 1000 and 1500  mm per year and occasional monsoon- 
type storms.
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6.6  Relationship Between Mycetoma and Environmental 
Etiological Agents

Throughout the history of mycetoma, various studies have been carried out to iden-
tify the relationship between the disease and the patient’s exposure to the causative 
agents in their work environment. In the next section, we will refer to some studies 
about isolation and identification of environmental fungi that cause mycetoma in 
highly endemic areas to show a direct relationship between the disease and the pres-
ence of the fungus in the patient’s workplace or habitat.

In 1968, Segretain and Mariat recovered Leptosphaeria senegalensis (currently 
Falciformispora senegalensis) from thorns of Acacia species in West and Central 
sub-Saharan Africa.

In 2002, given that Sudan is mycetoma highly endemic area, Ahmed et al. con-
ducted a study to isolate M. mycetomatis from environmental sources. They pro-
cessed a total of 74 soil and thorn samples by culture, followed by PCR (polymerase 
chain reaction) and RFLP (restriction fragment length polymorphism). Further 
authors isolated DNA directly from soil and thorns, followed by PCR-RFLP. Isolates 
obtained by culture did not correspond to M. mycetomatis. By molecular methods, 
only 17 (23%) out of 74 soil samples, and 5% out of 22 thorn samples, were positive 
for M. mycetomatis.

Phaeoacremonium spp., infrequent fungi cause of mycetoma, have been found 
as environmental reservoirs in infected woody plants. To our knowledge, the species 
associated with eumycetoma are P. parasiticum, P. sphinctrophorum, and P. krajde-
nii (Hemashettar et al. 2006).

Sybren de Hoog (2013) performed a phylogenetic study of several clinical and 
environmental Chaetomium and Madurella isolates to predict the natural habitat of 
Madurella mycetomatis, the main fungus causing eumycetoma in several countries. 
The authors found that M. mycetomatis belongs to the family Chaetomiaceae, often 
found in dung and manure enriched soil.

Several M. mycetomatis isolation attempts from environmental sources have 
been performed without success. In the high eumycetoma endemic area in Sudan, 
despite several attempts, M. mycetomatis could not be cultivated from the environ-
ment. The difficulty in recovering M. mycetomatis from the soil might indicate that 
pure soil is not the natural habitat for this fungus. Therefore, association with cattle 
dung seems to be an alternative option. The Gezira region in Sudan is highly 
endemic for eumycetoma by M. mycetomatis. Most of its inhabitants live on cattle 
and camel husbandry and agriculture. Cows are kept in pens surrounded by walls 
made of mud or thorny bushes. The floors of the pens are paved with dry faces, 
thorns, and trash. The family house is usually in direct contact with the pen. 
Inhabitants of the villages are mostly barefoot among the thorny bushes. If cow 
dung is an essential factor in inoculation by M. mycetomatis, preventive measures 
may involve the use of appropriate footwear in addition to restructuring the villages 
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with stricter separation of animal husbandry and human settlement to reduce the 
frequency of contact with mycetoma etiological agents (Parthasarathi et al. 2007).

In Mexico, Espinosa-Texis et al. (2017) aimed to isolate and identify fungi and 
actinomycetes causing subcutaneous infections, including eumycetoma, from soil 
and plants in the State of Puebla. From 281 fungal isolates, the authors found 
M. mycetomatis in 7.6% and 4.7% from soil and plants samples, respectively. Soil 
characteristics associated with mycetoma agents were regezol (a very weakly devel-
oped mineral soil in unconsolidated materials) and vertisol (the most productive 
soils in Mexico and the world, because of their high natural fertility, which is the 
product of cation exchange capacity and high moisture retention) type soils. Plants 
related to mycetoma agents were Jacaranda mimosifolia, Prosopis sp., 
Pithecellobium sp., Saccharum officinarum, Festiuca tolusensis, Baccharis con-
ferta, Simsia amplexicaulis, Zea mays, Agave sp., Rosa centifolia, Schinus mole, 
and Opuntia sp.

6.7  Repercussions of Climate Change on the Frequency 
and Geographic Distribution of Eumycetoma

Mycetoma is part of the neglected diseases group, i.e., parasitic, viral, or fungal 
diseases that have been present for hundreds or thousands of years in regions of 
greatest poverty. In Mexico, as in many other countries, poverty has increased sig-
nificantly due to various factors. This has caused fewer economic resources for 
healthcare centers, including medical personnel, personnel trained to perform labo-
ratory and cabinet diagnosis, and medical and surgical treatment of this syndrome.

Mycetoma is undoubtedly closely linked to poverty and its consequences: 
hygienic deficiency, prone to infection, malnutrition, poor immune response, lack of 
protective footwear, exposure to injuries, and finally, the development of mycetoma. 
Poverty also implies a lack of availability of tools and machinery to carry out 
farm work.

Concerning global warming and according to the analysis of the main interna-
tional data compiled by the World Meteorological Organization, 2019 was the sec-
ond warmest year on record after 2016.

In 2019, the average global temperature was 1.1 °C higher than the average in the 
period 1850–1900, corresponding to preindustrial conditions. In this way, 2016 was 
the warmest year due to a very fort “El Niño” event, inducing an unusual increase 
in temperature and the climatic change for a long time. According to Petteri Taalas 
(Secretary-General of Meteorology), with our actual carbon dioxide emission, the 
temperature will increase by 3–5 °C by the end of the century. The most worrying 
news is that the trend will continue to increase due to the emission of greenhouse 
gases into the atmosphere, endangering the life of the planet. These combined 
events have significantly impacted both the health and well-being of humans and the 
environment.

6 Eumycetoma and Global Warming

https://en.wikipedia.org/wiki/Soil


110

This warming has undoubtedly caused great changes and catastrophes on the 
planet, such as the increase in hurricanes, melting of glaciers, and an increase in 
desertification. However, this temperature variability has not yet shown an impact 
on the frequency of the eumycetoma because their agents could be isolated in geo-
graphical regions with high variability of temperatures and humidity. It is true that 
epidemiological reports indicate an increase in some fungal infections, but regard-
ing eumycetoma, this augmentation could be attributed to factors inherent to the 
host, a greater interest in their identification, and greater availability of diagnostic 
tools, especially in developed countries. In recent years, molecular tools have con-
tributed to the rapid and accurate identification of eumycetoma agents, including 
new agents. It is now possible to detect fungal DNA or RNA directly from the 
infected tissues of patients, with a low number of grains, allowing the diagnosis to 
be established even in the absence of cultures.

A review of the cases of mycetoma in countries with a high and low frequency of 
mycetoma shows that cases can occur in all climates and temperature conditions. 
We consider that the global warming reported in the last five decades has not had a 
direct impact on the number of mycetoma cases in the world; at least, there is no 
evidence in the reports on mycetoma frequency.

In Uganda, there are decades of data on mycetoma, with its incidence decrea-
sing in recent years (Fig. 6.4). However, evolutionary changes are slow but progres-
sive, and it is likely that in the coming years, we will see different behavior in the 
incidence of fungal infections, including mycetoma, associated with global 
warming.

Fig. 6.4 Cases of mycetoma registered in Uganda in the period 1950–2019. Data from Kwizera R 
et al. (2020)
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6.8  Conclusion

There is no strong evidence that global warming has directly increased the number 
of reported cases of eumycetoma. However, the increase of natural disasters associ-
ated with global warming, which increases poverty in many countries of the world, 
is and will increase the number of reported cases of eumycetoma because of the 
higher incidence of this fungal infection.
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7.1  Introduction

Chromoblastomycosis (CBM) is a typical implantation mycosis caused by mela-
nized fungi. CBM mainly occurs in tropical and subtropical regions. Worldwide, the 
leading etiological agents are Fonsecaea pedrosoi and Cladophialophora carrionii. 
The disease usually presents as chronic, nodular, or verrucous lesions affecting the 
skin and subcutaneous tissues of the lower extremities (Bonifaz et al. 2019; Queiroz- 
Telles et al. 2009, 2017).

This chapter aims to reflect on the possible effects of climate change in CBM, 
considering the impact of geographic mobility, deforestation, urbanization, and 
global warming. The taxonomy and reproduction of the main etiological agents will 
be discussed. The etiopathogenesis, epidemiology, clinical features, diagnosis, and 
therapy will also be revised.

7.2  Etiopathogenesis

CBM is caused by a spectrum of dimorphic, melanized fungi. The presence of sep-
tate, muriform cells in the host tissue represents the hallmark of infection. Most of 
the causative agents belong to the Ascomycota phylum, Chaetothyriales order, 
Herpotrichiellaceae family and do not show a teleomorphic stage (Brandt 
and Warnock 2003; Bonifaz et al. 2019; Brito and Bittencourt 2018; De Hoog et al. 
2000; Queiroz-Telles 2017).

F. pedrosoi is the most widely reported species worldwide, followed by C. car-
rionii. The first predominates in tropical, warm, humid climates, while the second is 
more often found in warmer, semiarid regions (Bonifaz et al. 2019; de Hoog et al. 
2007; González et al. 2013; Queiroz-Telles et al. 2017; Torres-Guerrero et al. 2012). 
Other less frequently reported agents include F. monophora, F. nubica, Phialophora 
verrucosa, P. americana, P. macrospora, C. yegresii, Rhinocladiella aquaspersa, 
R. richardsiae, Exophiala dermatitidis, and E. spinifera (Table 7.1) (Ahmed et al. 
2021; Badalin et al. 2010; Brito and Bittencourt 2018; Gomes et al. 2016; Marques 
et  al. 2004; Najafzadeh et  al. 2010; Queiroz-Telles et  al. 2017; Son et  al. 2010; 
Tomson et al. 2006).

CBM develops after traumatic inoculation of pathogenic hyphae and conidia in the 
skin. Injuries with wood, grain stalks, grass, thorns, palms, bamboo, coconut shells, 
and cacti are common precipitants. Lesions have resulted from insect stings, cow 
stomps, rooster pecking, caterpillar contact, and leech bite, as well as from contact 
with agricultural tools like hoes, axes, knives, and mills (Queiroz-Telles et al. 2017).

Individuals harboring the human leukocyte antigen A29 (HLA-A29) have shown 
increased genetic susceptibility. Pyridinoline produced by melanized fungi is 
responsible for collagen cross-linking, causing important fibrosis and decreased 
antifungal penetration. Other virulence factors include melanin and proteolytic 
enzymes, which facilitate immune system evasion and fungal invasion, respectively. 
Interestingly, it has been demonstrated that progesterone and testosterone can 

A. Bonifaz et al.



117

activate P. verrucosa cytosolic receptors, hindering fungal growth in vitro. However, 
the in vivo implications of hormonal influences on CBM remain uncertain (Ameen 
2010; Bonifaz et al. 2019; López-Martínez 2007; Queiroz-Telles et al. 2011; Torres- 
Guerrero et al. 2012; Tsuneto et al. 1989).

7.3  Epidemiology

Melanized fungi are saprobiotic organisms found in soil, organic matter, plants, and 
wood. Most agents thrive in areas of high humidity, with a temperature ranging from 
25 to 30 °C, average precipitation of 1500 mm per year, mainly between latitudes 
30  °N and 30  °S.  Nonetheless, species like C. carrionii and C. yegresii are well-
adapted to semidesert conditions (Atoche et al. 2016; Bonifaz et al. 2019; González 
et al. 2013; de Hoog et al. 2000, 2004; Queiroz-Telles et al. 2009; Queiroz- Telles 2017).

Some CBM agents have been directly isolated from natural sources. F. pedrosoi 
and C. carrionii have been found in decomposing vegetation, word bark, wasp 
hives, and various palms. Other species have also been recovered from cacti 
(C. yegresii), plant thorns (F. minima and F. erecta), and wood pulp (P. verrucose) 
(Marques et al. 2006; Queiroz-Telles et al. 2017; Salgado et al. 2004).

Most cases occur in tropical and subtropical climates. Madagascar and Brazil are 
the countries with the highest prevalence worldwide. Mexico is the most affected 
country in North America. Costa Rica, Honduras, Dominican Republic, and Cuba 
also show considerably high prevalence in Central America and the Caribbean. 
Puerto Rico, Guatemala, Colombia, and Venezuela are affected to a lesser extent. 
Other countries such as India, Sri Lanka, Australia, Congo, Taiwan, and China have 
also reported considerable case series (Fig.  7.1) (Agarwal et  al. 2017; Attapattu 
1997; Bonifaz et al. 2004; Correira et al. 2010; Esterre et al. 1997; Queiroz-Telles 

Table 7.1 Main etiological agents of chromoblastomycosis

More frequent Less frequent Exceptional

Fonsecaea pedrosoi
Cladophialophora carrionii

Cladophialophora 
yegresii
Exophiala dermatitidis
Exophiala jeanselmei
Exophiala spinifera
Fonsecaea monophora
Fonsecaea nubica
Fonsecaea pugnacius
Phialophora Americana
Phialophora chinensis
Phialophora macrospora
Phialophora verrucosa
Rhinocladiella 
aquaspersa
Rhinocladiella 
richardsiae

Aureobasidium pullulans
Chaetomium funicola
Catenulostroma chromoblastomycosum
Cyphellophora ludoviensis
Rhinocladiella tropicalis
Rhinocladiella similis
Fonsecaea pugnacious
Cladophialophora samoensis
Exophiala psychrophila
Cladosporium lageronii
Phoma insulana
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et al. 2017; Sharma et al. 2010; Torres-Guerrero et al. 2012; Weedon et al. 2013; 
Yang et al. 2013; Yang et al. 2018).

CBM is more frequent in males around the second and fourth life decade. 
Occupation is still a well-known risk factor in farmers, lumberjacks, and gardeners 
(Bonifaz et al. 2001; Brito et al. 2018; López-Martínez et al. 2007; Minotto et al. 
2001; Pires et al. 2012; Queiroz-Telles et al. 2017). There is only one case series 
documenting CBM by C. carrionii in children from 2 to 19 years old in Venezuela 
(Pérez-Blanco et al. 2006). Race affinity has not been determined.

Since CBM is not a notifiable disease, incidence and prevalence may be under-
estimated. In Madagascar, 1343 cases were documented in a 40-year retrospective 
study, with an estimated prevalence of 1/200,000 inhabitants (Esterre et al. 1996). 
The figures in Venezuela are around 16 cases per 1000 inhabitants (Richard-Yegres 
et al. 1992; Yegres and Yegres 2005). The Brazilian Amazon is another important 
region where possibly many cases go unnoticed due to insufficient healthcare access 
(Avelar-Pires et al. 2013; Gomez et al. 2016; Londero and Ramos 1976; Minotto 
et  al. 2001; Queiroz-Telles et  al. 2009; Santos et  al. 2020). In the northwest of 
Mexico, more than 250 cases have been reported, constituting the most affected 
region in North America (Bonifaz et  al. 2001, 2019; Rojas-García et  al. 2019; 
Romero-Navarrete et al. 2014).

7.4  Climate Change Effects of Chromoblastomycosis

Since fungal diseases are often regional, there is no doubt that climate change will 
have an impact on the expansion, delimitation, and possibly change of the main 
etiological agents of CBM. Therefore, it is crucial to study fungal habitats and vec-
tors to predict these inevitable changes. For example, Coccidioides immitis and 
Cryptococcus neoformans have already expanded from their endemic zones due to 

Fig. 7.1 Endemic zones of chromoblastomycosis
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changes in the hydrologic cycle (Lundgren 2018). In his work “Clues to the Presence 
of Pathogenic Fungi in Certain Environments,” Restrepo et  al. (2000) state that 
fungi have a broad presence in nature, with a tremendous capacity for adaptation 
and survival in many different substrates. A profound understanding of the ever- 
changing ecology of such habitats is only the first step to deduct the possible impact 
of climate change on pathogenic and opportunistic fungi. Notably, large-scale farm-
ing and the use of agro-industrial fungicides may facilitate the emergence of highly 
resistant “superspecies,” which could lead to catastrophic public health crises 
(Casadevall 2019; Hernández and Martínez 2018).

More specifically, CBM-causing organisms comprise several saprophytic fungi 
that only grow under certain conditions. Venezuela can illustrate how different eco-
systems tailor organismal prevalence. Tropical regions favor the abundance of 
F. pedrosoi cases, while C. carrionii reports are limited to the semiarid, northeastern 
region. Remarkably, C. carrionii muriform cells have been isolated from cacti tis-
sues, demonstrating that it can survive in the hostility of the desert (de Hoog et al. 
2000; Richard-Yegres et al. 1992). From these observations, it may be assumed that 
desertification could lead to an upsurge of C. carrionii cases, while F. pedrosoi 
would have to adapt to unusual conditions or inevitably show a downward trend.

Madagascar is another example of selective fungal populations in different 
niches. F. pedrosoi predominates in the tropical climate of the north and northeast-
ern regions, with an average precipitation of 1500 mm per year, mean temperatures 
above 15 °C, and a wide diversity of palms, orchids, bamboo, and fruit trees. On the 
contrary, C. carrionii is far more abundant in the south, with precipitations ranging 
from 300 to 600 mm per year, mean temperatures above 20 °C, and a desert flora 
composed of cacti, thorny plants, and eucalyptus trees.

In India, F. pedrosoi is the leading causative organism of CBM, followed by 
C. carrionii. Although the latter is not found in specific, natural regions of the coun-
try (as in Venezuela or Madagascar), most cases arise from desertification areas. 
This confirms that C. carrionii is well-adapted to a dry environment (Agarwal et al. 
2017; Sharma et al. 2010; Verma et al. 2018). Accordingly, urbanization and mass 
migration may lead to the development of diseases in non-endemic areas, as it often 
happens by the displacement of Latin Americans to the United States or Africans to 
Europe (Hay 1979; Lisi 1983).

Modern molecular biology and genomics are now a fundamental approach to 
understand changes in species diversity and its relationship with evolutionary biol-
ogy. It has been recently shown that previous F. pedrosoi cases were in fact F. nubica, 
the current principal agent of the northern region of Madagascar (Esterre et al. 1996, 
1997; Esterre and Queiroz-Telles 2006; Najafzadeh et al. 2011; Rasamoelina et al. 
2017, 2020). In an elegant sequencing study, Deng et  al. (2015) discovered that 
haplotype diversity was higher in African C. carrionii and F. pedrosoi strains com-
pared with South American populations. Furthermore, with increased geographic 
location, Fonsecaea showed greater species divergence and fewer haplotypes than 
C. carrionii, suggesting a long evolutionary history. Whether these changes occur as 
a result of environmental or host adaptation will be hard to determine. Nonetheless, 
these experiments shed light on fungal species evolution and survival, which can be 
analyzed for future environmental and epidemiological studies.
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7.5  Clinical Manifestations

CBM is usually pruritic and slightly painful. Disease manifestations are classified 
as nodular, verrucous, tumor, cicatricial, plaque, and mixed forms (Queiroz-Telles 
et al. 2017; Queiróz et al. 2018). Satellite lesions are a common finding. The infec-
tion typically begins as a nodule which evolves into large exophytic, verrucous 
plaques that may ulcerate. It can also present as erythematous, hyperkeratotic, scaly 
plaques, similar to psoriasis. Later stages of infection display achromic areas, prom-
inent scarring, and lymph stasis.

The foot and the leg are the most commonly involved areas (50–80%), but it can 
also affect the upper extremities, trunk, face, and ears, in decreasing order. The 
infection is often asymmetric and confined to the subcutaneous tissue. However, 
immunocompromised patients can show extraordinary, disseminated forms that 
affect the central nervous system (Bonifaz et al. 2019; Santos et al. 2020). Bacterial 
aggregation is a common complication. Bone and visceral involvement occurs 
rarely. Chronicity may result in the development of squamous cell carcinoma 
(Figs. 7.2 and 7.3) (Ameen 2010; Bonifaz et al. 2001, 2019; López-Martínez et al. 
2007; Queiroz-Telles et al. 2017).

The main differential diagnoses include tuberculosis verrucosa cutis, psoriasis, 
Bowen’s disease, sporotrichosis, leishmaniasis, paracoccidioidomycosis, phaeohy-
phomycosis, coccidioidomycosis, blastomycosis, tertiary syphilis, atypical myco-
bacterial infections, sarcoidosis, and squamous cell carcinoma (Bonifaz et al. 2019).

7.6  Diagnosis

A smear with 20% potassium hydroxide (KOH) is a fast and convenient method to 
diagnose CBM. Muriform cells can be observed with optical microscopy resem-
bling “coffee grains” (Fig. 7.4). These are brown-colored, septate, double- membrane 
structures, measuring from 4 to 10 μm. Scales from hyperkeratotic lesions can par-
ticularly exhibit thick, septate, darkly pigmented filaments originating from muri-
form cells, a phenomenon not observed in phaeohyphomycosis.

Cultures are performed in Sabouraud agar with or without antibiotics at 
25–28 °C. Most species grow over 20–40 days and develop black or olive, radiated 
colonies (Fig. 7.5) (Bonifaz et al. 2019; Torres-Guerrero et al. 2012). The assess-
ment of its reproductive form is helpful as a first approximation to identify the 
causative organism. For example, F. pedrosoi shows blastoconidia arranged in hor-
modendrum (3–5  μm chained conidia) or phialides (3–4  μm elliptical conidia) 
(Fig. 7.6), identical to F. monophora and F. nubica morphology (Bonifaz et al. 2019; 
Yaguchi et al. 2007). As a distinguishing feature, C. carrionii shows 4–8 μm conidia 
grouped in long chains of 8–10 units that arise from a conidiogenous cell (Fig. 7.7) 
(Bonifaz et al. 2019; Badali et al. 2008).
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Fig. 7.2 Verrucous chromoblastomycosis

Fig. 7.3 Close-up view of verrucous chromoblastomycosis
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Less common agents include P. verrucosa, Rhinocladiella, and Acrotheca. P. ver-
rucosa is a complex comprised of P. americana, P. europea, P. chiiesnis, and P. mac-
rospora, among other species. It exhibits characteristic flask-shaped, 6–8  μm 
phialides and round-to-elliptical, 1–3 μm conidia. Rhinocladiella and Acrotheca 

Fig. 7.4 Muriform cells observed on 20% KOH smear and hematoxylin and eosin histopathol-
ogy (40×)

Fig. 7.5 Culture in Sabouraud agar without antibiotics at 28 °C
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display 3–5 μm conidia that emerge from the ends of hyphae or conidiophores 
(Ahmed et al. 2021; Bonifaz et al. 2019).

Histopathology shows hyperkeratosis, parakeratosis, and acanthosis in the epi-
dermis. A suppurative granuloma is a frequent finding in the superficial and mid- 
dermis (80%), composed of Langhans cells, epithelioid cells, and lymphocytes. 
Muriform cells can be observed within the infiltrate, in microabscesses, or inside 

Fig. 7.6 Fonsecaea pedrosoi. Conidia arranged in phialides

Fig. 7.7 Cladophialophora carrionii. Conidia arranged in hormodendrum
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Langhans cells without special staining due to their pigment (Avelar-Pires et  al. 
2013; Bonifaz et al. 2019; López-Martínez 2007).

Serological tests are not reliable since they cross-react with a variety of patho-
genic (Sporothrix schenckii and Blastomyces dermatitidis) and contaminant fungi 
(Cladosporium, and Alternaria).

Stringent species identification can only be achieved with polymerase chain 
reaction (PCR) or genomic techniques (Bonifaz et al. 2019; Najafzadeh et al. 2018; 
2018; Queiroz-Telles et al. 2017).

7.7  Treatment and Prophylaxis

Treatment for CBM must be personalized based on individual factors, extension, 
and depth of the infection. In general, itraconazole is the most widely used antifun-
gal therapy. It is reportedly more effective against C. carrionii than against F. pedro-
soi. Recommended doses range from 200 to 400 mg/day for a period of 8–12 months, 
achieving cure rates from 15 to 80%. To claim a cure, control biopsies must be 
performed at 3- to 4-month intervals for 2 years (Bonifaz et al. 2004; Queiroz-Telles 
and Santos 2013; Queiroz-Telles et al. 2017).

Other alternatives include terbinafine, fluconazole, voriconazole, posaconazole, 
5- flucytosine (5-FC), and amphotericin B.  The dose for terbinafine is 250 to 
500 mg/day and can be prescribed for longer periods than azoles. Fluconazole doses 
range from 200 to 400 mg/day. The use of newer triazoles has only been reported 
recently. 5-FC used at 100 to 150 mg/kg is one of the most promising drugs, yet it 
is only available in a few countries. Administration of intravenous, intra-arterial, 
and intralesional amphotericin B has also shown an adequate response. However, 
the frequency of adverse effects is often a limitation. There are reports of a combi-
nation of antifungals (e.g., itraconazole plus terbinafine) or systemic therapy with 
photodynamic therapy (Bassas-Vila et al. 2014; Bonifaz et al. 1997; Queiroz-Telles 
et al. 2017).

Cryosurgery is a convenient treatment for small, localized infections or when 
systemic therapy not possible. Nonetheless, systemic antifungal therapy and cryo-
surgery are preferably used in combination to reduce the risk of lymphatic dissemi-
nation by cryosurgery alone (Bonifaz et al. 2004, 2005).

As an adjunct to itraconazole, the use of (1 ➝ 3)-β-polyglucoside has reportedly 
shown a partial response, possibly due to increasing the Th2 immune response and 
interleukin-10 (IL-10) (Queriroz-Telles et al. 2017).

The usage of appropriate footwear is the most cost-effective prophylactic inter-
vention. Avoiding trauma to other exposed body areas in high-risk occupations may 
also be achieved by wearing protective equipment (Bonifaz et al. 2019; Vázquez- 
González et al. 2013). Table 7.2 summarizes the clinical features, diagnosis, and 
treatment of CBM.
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7.8  Conclusion

CBM is a worldwide hyperendemic disease that especially compromises middle- 
aged males who work in outdoor activities. Fonsecaea pedrosoi is the main etiologi-
cal agent in tropical climates. Verrucous and infiltrative plaques are the most 
common dermatological patterns. The disease shows a chronic behavior and has 
low mortality but high morbidity. Since endemic mycoses occur in very specific 
environments, climate change will undoubtedly have an impact on the expansion, 
delimitation, and possibly change of the main etiological agents, including those 
related with CBM.
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CDC Centers for Disease Control
IPCC Intergovernmental Panel on Climate Change
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8.1  Introduction

Coccidioidomycosis, also known as San Joaquín Valley fever, is a mycosis caused 
by the species Coccidioides immitis and C. posadasii (Fig. 8.1) (Fisher et al. 2002) 
and considered an endemic disease of the American continent (Laniado-Laborín 
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et al. 2019; Ashraf et al. 2020). The infection is acquired by inhaling arthroconidia, 
the asexual reproductive structures, which infect the host and are mainly dispersed 
by air currents. Depending on the individual’s immune status and other factors, 
including the number of arthroconidia inhaled, the infection can progress to asymp-
tomatic, mild, moderate, severe, or disseminated coccidioidomycosis (Saubolle 
et al. 2007). In addition to the cases reported in humans, many other mammals, both 
domestic and wild, are susceptible to this infection (Alvarado et al. 2018; Reyes- 
Montes et al. 2016; Laniado-Laborín et al. 2019).

Epidemiological information on coccidioidomycosis has shown that the number 
of cases has increased throughout the continent in the last two decades. In the year 
2000, it was estimated that, in the United States, it affected more than 100,000 
people. In 2017, 14,364 cases were reported to the Centers for Disease Control 
(CDC), most from Arizona and California. However, these numbers could be under-
estimated because many cases are not correctly diagnosed (Gorris et  al. 2019; 
https://www.cdc.gov/fungal/diseases/).

In other countries of the American continent, the actual incidence and prevalence 
rates of this mycosis are unknown due to the underreporting of cases, among other 
reasons, since it is not a notifiable disease (Ashraf et  al. 2020; Laniado-Laborín 
et al. 2019).

Fig. 8.1 Colonial morphology of Coccidioides immitis and Coccidioides posadasii. The isolates 
were seeded in Agar-Mycobiotic and were incubated at 28 °C, for 10 days. (a) The obverse shows 
hairy colonies, with smooth edges and a powdery appearance. (b) The reverse side shows dark 
brown pigment (Duarte-Escalante E)

E. Duarte-Escalante et al.

https://www.cdc.gov/fungal/diseases/


133

Some authors mention two fundamental aspects in the incidence and prevalence 
of coccidioidomycosis: The first aspect is the geographical distribution of the dis-
ease associated with desert environments, and the second one is the correlation with 
climatic factors such as temperature, precipitation, and wind (Alvarado et al. 2018; 
Baptista-Rosas et al. 2010; Brito Silva et al. 2019; Comrie 2005; Gorris et al. 2018; 
Kolivras et  al. 2001; Kolivras and Comrie 2003; Kollath et  al. 2019; Laniado- 
Laborín et  al. 2019; Maddy and Coccozza 1964; Shriber et  al. 2017;Talamantes 
et al. 2007; Tong et al. 2017; Weaver and Kolivras 2018).

Climatic factors are also of great importance in the distribution of other biologi-
cal species and their interaction with the environment. Therefore, the imminent 
global climate change, associated with the temperature increase in certain regions of 
the planet, prolonged droughts, and floods, among others, are events that generate 
an ecological response from living beings. However, the real impact on living organ-
isms and biodiversity is still unknown (Palmer et al. 2017). In recent years, studies 
based on mathematical models have emerged to predict the response of biodiversity 
to climate change and design strategies to reduce its effect. Nevertheless, these stud-
ies include several underlying assumptions. Also, the resulting predictions differ 
according to the model used, so it is essential to consider its limitations, and they 
should be interpreted with caution (Bellard et al. 2018).

It is crucial to consider the close relationship between climatic factors and the 
incidence of coccidioidomycosis in light of the increase in the number of cases of 
this disease in recent years and the imminent climate change. For this reason, some 
factors that can be modified with climate change and impact the incidence of coc-
cidioidomycosis and the geographical distribution of Coccidioides spp. are 
addressed in this chapter.

8.2  Habitat of Coccidioides spp.

Coccidioidomycosis is considered an endemic mycosis of the American continent, 
with areas of high endemicity in the Southwestern United States, Northwestern 
Mexico, and some areas of Central and South America (Ashraf et al. 2020; Baptista- 
Rosas and Riquelme 2007; Laniado-Laborín et al. 2019; Sondermeyer et al. 2016) 
(Table 8.1). The endemic regions of this mycosis are commonly described as areas 
with a semiarid climate that facilitates the dispersal of Coccidioides spores in the air 
(Drutz and Catanzaro 1978; Pappagianis 1988; Smith et al. 1946). Other character-
istics associated with its habitat have also been described, like high soil salinity 
(Egeberg et al. 1964; Elconin et al. 1964, 1967; Lacy and Swatek 1974) and sandy 
soils that are rich in organic matter and salts (Drutz and Catanzaro 1978; Einstein 
and Johnson 1993), which could be requirements for the fungus development. 
Fisher et al. (2007) evidenced the ability of this fungus to grow in almost any type 
of desert soil, including those with high pH levels, and to tolerate extreme air tem-
peratures ranging from −40.0 to 48.8 °C and soil temperatures in the range of −6.5 
to 60.5 °C. Also, under laboratory conditions, C. immitis has shown the ability to 
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survive in seawater and saturated saltwater for up to 6 weeks (Dzawachiszwili et al. 
1964). Such capability can be used to adapt and expand to new habitats. Other stud-
ies carried out in South American countries also describe the Coccidioides habitat 
as arid and semiarid zones, with alkaline soils that have little xerophytic vegetation, 
high average temperatures, and low average annual rainfall (Alvarado et al. 2018; 
Baptista-Rosas et al. 2015; Brito Silva et al. 2019; de Araújo et al. 2018; Fisher et al. 
2007; Laniado-Laborín et al. 2019).

Table 8.1 Endemic areas of coccidioidomycosis in the American continent

Country State/city

USA California
Washington
Arizona
Texas
Utah

Mexico Northern region
Baja California
Baja California Sur
Sonora
Chihuahua
Coahuila
Nuevo León
Tamaulipas
Pacific coast
Extends from northern region to Michoacán
Central region
Extends from the northeastern border of Coahuila to Michoacán

Guatemala Guatemala
Motagua Valley

Honduras Motagua Valley
Nicaragua A coccidioidomycosis case diagnosed in a dog that traveled to Norway from 

Nicaragua raised the possibility of the disease in humans
Colombia UND
Venezuela Luria

Lara
Falcón

Bolivia UND
Brazil Piaui

Maranhao
Ceara
Bahía

Paraguay Chaco region
Argentina Catamarca province

La Rioja province
San Luis
Santiago del Estero province
Cordoba province

UND undetermined
Ashraf et al. (2020) and Laniado-Laborín et al. (2019)

E. Duarte-Escalante et al.
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Although there is broad agreement in recognizing that desert regions, where up 
to 50 °C can be reached, are the habitat of Coccidioides spp., it has been mentioned 
that the optimal temperature range for its development is restricted. It has been 
revealed that arthroconidia can survive up to 6 months at temperatures between 15 
and 37 °C and can only survive for 1 week at temperatures of 50 °C. Thus, the exis-
tence of other microclimates that promote fungal growth has been proposed, such as 
rodent burrows (Brown et al. 2017). At the same time, the influence of other climatic 
elements such as rainfall has also been considered as they can modify the soil and 
the topographic characteristics, thus creating new favorable micro-niches for the 
development of Coccidioides spp. (Baptista-Rosas et al. 2010; Gorris et al. 2018; 
Laniado-Laborín 2006; Laniado-Laborín et al. 2019). Therefore, it can be suggested 
that Coccidioides spp. will easily adapt to other environmental conditions caused by 
the impending climate change.

8.3  Climatic Factors and Their Role in the Incidence 
of Coccidioidomycosis

For many years, various studies have shown significant evidence about climatic fac-
tors and their close relationship with coccidioidomycosis incidence. Several authors 
have documented that the most relevant climatic factors associated with the inci-
dence of this disease are temperature, precipitation, humidity, and dust storms (Brito 
Silva et al. 2019; Comrie 2005; Gorris et al. 2018; Kolivras et al. 2001; Kolivras and 
Comrie 2003; Kollath et al. 2019; Maddy and Coccozza 1964; Shriber et al. 2017; 
Talamantes et al. 2007; Tong et al. 2017; Weaver and Kolivras 2018).

To assess the relationship between disease and climatic conditions, Kolivras and 
Comrie (2003) used data from coccidioidomycosis cases in Pima County, Arizona, 
USA, to develop multivariate monthly models of relationships between disease fre-
quency, climatic conditions, and variability. Their results revealed that temperature 
and precipitation in different seasons were important predictors of incidence. Also, 
to define the disease seasonality, Comrie (2005) developed a method to estimate the 
date of exposure to Coccidioides spp. Based on incidence data of coccidioidomyco-
sis in Pima County, Arizona, USA, their results revealed a marked disease seasonal-
ity, showing that the peaks of fungus exposure occurred between June–July and 
October–November, which corresponded to the driest and dustiest months of the 
year. Talamantes et al. (2007) examined the effect of precipitation, surface tempera-
ture, and wind speed in Kern County, Arizona, USA, through simple linear correla-
tion analysis and a generalized autoregressive moving average model, and they 
suggested that fluctuations in incidence were likely due to human activities (such as 
construction) rather than climatic fluctuations.

On the other hand, a more recent study carried out by Tong et al. (2017) men-
tioned that computer models predict that, as the Earth warms, the Southwestern 
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United States becomes drier, which means an increase both in dust storms and in the 
number of coccidioidomycosis cases according to US CDC records.

Another study that related climatic conditions with the incidence of coccidioido-
mycosis is that of Weaver and Kolivras (2018). They used data from 2000 to 2015 
and regression analysis to model and evaluate the seasonal relationships between 
the incidence of coccidioidomycosis and climatic variables, including concurrent 
and delayed precipitation, temperature, and wind speed, among others. Their results 
showed a statistically significant relationship between incidence and climatic condi-
tions in Kern County, California, USA, which were consistent with previous stud-
ies. The findings also suggested that previous precipitation is an important predictor 
of the disease.

On the other hand, Shriber et al. (2017) quantified the vulnerability to coccidioi-
domycosis, particularly in the states of Arizona and California, USA, and suggested 
that vulnerability is associated with the incidence of the disease so that regions with 
greater climatic variability are the most vulnerable.

Gorris et al. (2018), using a regional database of the disease, conducted a larger 
study. They evaluated environmental controls on a spatial extent, seasonal dynam-
ics, and long-term trends in coccidioidomycosis incidence. They evidenced that air 
temperature, precipitation, soil moisture, surface dust concentrations, normalized 
difference vegetation index (NDVI), and cropland area provided information on 
spatial regulation and temporal patterns of this mycosis incidence. This analysis 
revealed that the incidence was higher in regions with warmer surface air tempera-
tures and drier soils. Furthermore, the seasonal pattern of coccidioidomycosis inci-
dence differed in the Southwestern United States. It appeared to be related to 
precipitation, including the influence of the North American Pacific and monsoon 
storm systems. They also identified that coccidioidomycosis in California and South 
Central Arizona had a peak incidence after dry spells, supporting earlier findings, 
showing that a wet season followed by a dry season increases incidence.

On the other hand, Kollath et al. (2019) hypothesized that Coccidioides respond 
to soil moisture, and when moisture is abundant, the fungus grows as mycelium. 
However, as it undergoes water stress during the dry season, the arthroconidia 
(small spores comparable in size to powdered aerosols) are dispersed, which is 
when humans are most at risk of inhaling infectious propagules. The authors showed 
that, in Arizona, USA, there is a positive correlation between a higher incidence and 
high levels of precipitation in the winter and spring months and an increase in coc-
cidioidomycosis cases in the spring months after heavy winter rains.

Even though most of these studies have been performed in the United States, 
there is also evidence of a correlation between climatic factors and coccidioidomy-
cosis in other countries. Maddy and Coccozza (1964) analyzed climatic data 
obtained from meteorological stations in various parts of Mexico. Data included the 
average temperature of the hottest month, the average temperature of the coldest 
month, and the average temperature of the rainy months to predict C. immitis propa-
gation’s probable potential in the environment. Their analysis showed that the areas 
with the greatest potential for fungal spread were Sonora, Chihuahua, Coahuila, 
Nuevo León, Baja California, and Baja California Sur, coinciding with the areas 
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considered endemic of the disease. Likewise, Brito Silva et al. (2019) used time 
series to evaluate the statistical correlations between the climate and hospitaliza-
tions for mycoses in several Brazilian cities, and they found three cases of coccidi-
oidomycosis associated with a hot period in the State of Ceará, thus supporting the 
evidence on the close relationship between climatic factors and coccidioidomyco-
sis. Also, in Brazil, de Araújo et al. (2018) reported 30 cases of coccidioidomycosis 
associated with a drought in the State of Pernambuco, a region where the disease 
had never been recorded previously.

Perhaps one of the climatic factors associated with coccidioidomycosis that has 
received more attention is the wind, since it constitutes a dispersal mechanism, not 
only for Coccidioides spp. (Tong et al. 2017) but also for other microorganisms, 
even among widely dispersed habitats (Prospero et al. 2005).

Coccidioides spp. is the best-known human pathogen associated with dust storms 
(Freedman et al. 2018; Gorris et al. 2018; Querol et al. 2019). It has been reported 
in recent years that significant population growth has occurred in regions of Southern 
Arizona, USA, an area considered endemic for coccidioidomycosis. The latter has 
led to changes, such as reduction of plant cover, forest fires, diversions of water cur-
rents, changes in land use, and droughts, which promote dust emissions and favor 
the movement of Coccidioides spp. spores (Tong et al. 2017). There is also evidence 
that the aerosolization and dispersal of Coccidioides spp. arthroconidia can be 
favored by the alteration of the soil caused by natural disasters, such as earthquakes, 
or by anthropogenic activities, like construction (Benedict and Park 2014; Gorris 
et al. 2018; Griffin 2007).

On the other hand, Gorris et al. (2018) mentioned that, according to US CDC 
data, there was an increase in coccidioidomycosis incidence between 1998 and 
2011 in the same regions where the incidence of dust storms had risen. These storms 
could transport the fungi through the air from the desert areas of North America to 
the neighboring areas, including the southern regions of the United States and 
Mexico and even reaching the state of Washington, which is considered a non- 
endemic area.

Thus, the role of wind in the incidence of coccidioidomycosis appears to be very 
important. It has been shown that high-energy wind conditions in arid regions can 
result in the mobilization of substantial amounts of soils in the atmosphere, and dust 
storms can generate significant dispersion, either at a continental or transoceanic 
level (Benedict and Park 2014; Gorris et al. 2018; Griffin 2007; Querol et al. 2019). 
Therefore, although coccidioidomycosis is recognized as endemic to the American 
continent, there is evidence of this disease in very distant geographical regions, such 
as Asia and Africa. A retrospective analysis of coccidioidomycosis in China per-
formed by Tetro (2019) revealed 38 cases with no history of travel to endemic areas 
and suggested that the fungus may already be spreading globally. On the other hand, 
Jambalang et al. (2010) reported the first case of coccidioidomycosis in chickens in 
Nigeria, a very distant place from the considered endemic areas. In Mexico, a case 
of coccidioidomycosis was reported in a patient native of the State of Campeche, a 
region deemed non-endemic to the disease, and who did not register any visits to 
endemic areas (Duarte Escalante et al. 2013).
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Likewise, Petersen et  al. (2004) documented a coccidioidomycosis outbreak 
among workers in an archaeological site in the State of Utah, in the Northern United 
States, far from the recognized endemic areas. Also, three cases of confirmed coc-
cidioidomycosis were documented during 2010–2011 among residents of the South 
Central part of the State of Washington, USA (Litvintseva et al. 2015; Marsden- 
Haug et  al. 2013, 2014), showing that the disease’s geographic distribution is 
expanding toward the north of the country, far from the formally recognized 
endemic areas.

So, perhaps, long-distance dust storms may be the fungus’ dispersal mechanism 
to reach these regions. It has been shown that, for instance, mineral dust generated 
in Asian areas is generally transported long distances in the lower troposphere. 
However, it can rise to the upper troposphere, about 8–10 km above the Earth’s 
surface, and be transported worldwide. This phenomenon can also be the transport 
route for billions of microorganisms in the air, with different destinations along 
their way (Behzad et al. 2018; Uno et al. 2009).

Nevertheless, the fungal dispersion could also involve mechanisms other than the 
wind, explaining the coccidioidomycosis cases in remote regions from the known 
endemic areas. Fisher et al. (2013) stated that humans could mediate the interconti-
nental dispersal of pathogenic fungi by exchanging commercial products around the 
world, which could be the beginning of a new dispersal mechanism; however, there 
is still no information on this mechanism regarding Coccidioides spp.

8.4  Climate Change and Its Effects on the Expansion 
of Coccidioides spp. Geographical Distribution

At the beginning of the 1990s, climate change was established as a formal field of 
study to understand the magnitude and risks to human health within the framework 
of a constantly changing climate, mainly caused by anthropogenic activities. In 
1988, the World Meteorological Organization and the United Nations Environment 
Program created the Intergovernmental Panel on Climate Change (IPCC). This 
Panel’s primary function is to provide scientific assessments of climate change and 
its possible consequences for human and natural systems and propose options for 
their mitigation (Ebi and Hess 2017).

In the last century, biophysical factors and anthropogenic activity have caused 
changes in the planet’s climatic variables. The average temperature of the Earth has 
increased by almost 0.6 °C due to anthropogenic activities, and it is estimated that 
by the end of the twenty-first century, the temperature of the Earth’s surface could 
increase between 2.6 and 4.8 °C. In addition, the mean sea level could rise between 
45 and 82 cm. Likewise, if atmospheric pollution continues due to greenhouse gas 
emissions, such as carbon dioxide or methane, the planet will continue to warm with 
serious implications. Changes in the rainfall regime will occur coupled with extreme 
events like droughts, rainfall, and more intense hurricanes. These changes in the 
climate will affect all living beings, including humans, and they could also affect the 
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distribution of numerous pathologies, mainly emerging and reemerging infectious 
diseases, since the climate could impact the size of the pathogen population, vec-
tors, and hosts; the duration of disease transmission; and the persistence of epidemic 
outbreaks (Cox et al. 2012; Palmer et al. 2017). On the other hand, forecasting the 
response of biodiversity to climate change has become a highly relevant issue. 
Predictive models play an essential role in alerting scientists and those involved in 
decision-making about possible future risks and support the development of strate-
gies to reduce the impacts of climate change on biodiversity (Bellard et al. 2012).

In recent years, a consistent drought trend has been projected in the Southwestern 
United States as a result of various global climate models and regional climate sim-
ulations (Cayan et al. 2013; Tong et al. 2017). Thus, considering the imminent cli-
mate change, some authors have mentioned that the global temperature increase 
will allow Coccidioides spp. to expand its geographic range northward into areas 
that would not have been considered suitable for the survival of the fungus previ-
ously (Brown et  al. 2017; Engelthaler et  al. 2016; Gorris et  al. 2018, 2019; Van 
Leukena et al. 2016).

Engelthaler et al. (2016) mentioned that the geographic range of coccidioidomy-
cosis is expanding, according to recent epidemiological and population genetic data.

Also, Achakulwisut et al. (2019) suggested a growing increase in aridity in the 
Southwestern United States due to climate change, based on the analysis of the 
impact of drought conditions on dust activity in this region in recent years. 
Meanwhile, Cayan et al. (2013) described the possible climatic scenarios predicted 
for the twenty-first century in the Southwestern United States. They included an 
increase in the Earth’s surface temperature, variations in temperatures and rainfall 
during short periods, less rain in the southern part of the southwestern region and 
increased rainfall in the northern part, as well as a reduction in the snow cover of the 
southwestern mountains between the months of February and May during the period 
from 2001 to 2100. Therefore, as the land warms, the Southwestern United States 
becomes drier and more prone to dust storms, causing an increase in the coccidioi-
domycosis incidence (Tong et al. 2017).

A recent study by Gorris et al. (2019) also supported that climate projections for 
the Western United States indicate that temperatures will increase, and precipitation 
patterns will change, altering coccidioidomycosis dynamics. Besides, they esti-
mated the areas that could potentially become endemic of coccidioidomycosis dur-
ing the twenty-first century, using a climate niche model derived from data on the 
disease incidence. By the year 2100, in a high global warming scenario, his model 
predicts that the climate-limited area of endemicity will be more than double. The 
number of affected states will also grow, and the number of coccidioidomycosis 
cases will increase by 50%. The disease will also spread northward into the dry 
western states, including Idaho, Wyoming, Montana, Nebraska, South Dakota, and 
North Dakota, revealing how climate change may influence the geographic expan-
sion distribution of the coccidioidomycosis in the United States.

As previously discussed, coccidioidomycosis is a disease that shows an increased 
incidence associated with climate change, mainly in the Southwestern United States 
and in countries such as Mexico, Brazil, and Argentina, which present similar 

8 Effect of Climate Change on the Incidence and Geographical Distribution…



140

behavior. Interestingly enough, Matlock et  al. (2019) revealed that public health 
agencies in the United States do not yet have efficient communication and health 
promotion strategies about this disease directed at vulnerable and affected commu-
nities to reduce this mycosis prevalence. Given the cross-border nature of the cli-
mate influence on the risk of contracting coccidioidomycosis, a concerted effort and 
a more effective health communication strategy are necessary than the current prac-
tices, which is also imperative for the rest of the countries with endemic areas for 
this mycosis. Berry et al. (2018) declared that health authorities need information 
on climate conditions and vulnerable populations, among other aspects, to reduce 
exposures, recommend necessary protection measures, and build climate-resilient 
health systems, which can constitute a considerable challenge in each country.

On the other hand, it is essential to explore other aspects that may be crucial for 
Coccidioides spp. and for the disease it causes. Bellard et al. (2012) pose the inter-
esting question of whether the species will be able to adapt quickly enough to cli-
mate change to maintain themselves or not, especially considering the case of 
Coccidioides spp. Although there is still no answer, given the evidence of the fungus 
geographical expansion outside its habitat in endemic areas, everything seems to 
indicate that this species could have a high probability of adapting to new environ-
mental conditions and remaining in the environment.

8.5  Conclusion

The impact of climate change on the incidence and geographical expansion of coc-
cidioidomycosis is evident. Data show a growing incidence and an increase in its 
geographical extension, mainly in the Southwestern United States. However, it is 
suggested that countries such as Mexico, Brazil, and Argentina could display simi-
lar behavior. Therefore, it is essential to call on all health authorities in countries 
with endemic areas of this mycosis to build climate-resilient health systems.
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9.1  Introduction

9.1.1  Fungal Diversity

Fungi are a group of highly diversified eukaryotic organisms that provide essential 
functions to maintain our planet. There are an enormous number of potential sites 
for the establishment of fungi in any location in the world. About two decades ago, 
in a highly referenced manuscript, the magnitude of fungal diversity was calculated 
as 1.5 million species in the world living in a wide variety of habitats (Hawksworth 
2001). Only 70,000 fungal species were adequately described, and approximately 1 
group of 300 species was recognized as pathogenic to humans at that time (Taylor 
et al. 2001). In 2017, the update of the global estimate of fungal diversity was pub-
lished, using extrapolations of the fungus: plant ratio and information generated 
from molecular sequencing in a variety of environmental samples. The current esti-
mated range is 2.2–3.8 million fungal species, with 120,000 known species. Only 
3–8% have been named (Hawksworth and Lucking 2017). Currently, studies like 
this one face the problem of what is the conceptual recognition of a fungal species. 
This fact has a direct impact on the number of formally recognized species. In the 
pre-molecular era, knowledge of fungal species was based entirely on culture char-
acteristics, microscopic morphology, and biochemical evidence. For the molecular 
age, a reevaluation of the species concept is required (Richards 2010). Despite vari-
ous efforts, there is currently no single criterion that can be widely applied. There 
are outstanding efforts that are directed at the use of mechanistic systems for the 
recognition of species in phylogenetic trees, but the concept of a consolidated spe-
cies has many other aspects that must be considered. The concept of a consolidated 
species that is being increasingly handled by mycologists adopts a multifaceted 
approach that considers morphological, ecological, and phylogenetic concepts. This 
fact may lead, on the one hand, to the recognition of more species or, on the other 
hand, to the fusion of previously recognized separate species (Quaedvlieg et  al. 
2014). An important consideration to mention is that the speciation process in gen-
eral is an active process. A considerable proportion of species that are being studied 
today are not included in the updates of fungal diversity. Some researchers follow 
an incomplete approach, which makes it difficult to properly resolve the species and 
its diversity (Hawksworth and Lucking 2017). Many geographic areas and habitats 
have not been studied, and there are ecologically cryptic fungi in the environment 
that usually only develop hyphae and cryptic species hidden under well-established 
names. One problem today is that no site has a complete inventory of the fungi pres-
ent and many habitats remain little explored. For now, only 34,878 species have 
sequences in GenBank representing only 29% of the 120,000 known species. 
Obtaining sequences for the remaining 71% of species is essential to determine the 
new species that are recovered from the environment, specimens, or diverse isolates 
(Hawksworth and Lucking 2017).
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9.2  Human Fungal Infections

9.2.1  The Global Burden of Fungal Diseases

Fungal diseases have been underestimated for many years despite the great influ-
ence they have on plants, animals, and humans. Morbidity due to some fungi is 
significant; for example, superficial infections are very common in humans and are 
estimated to affect around 25% of the world’s population. Similarly, it is estimated 
that 50–75% of women of reproductive age will suffer at least one episode of 
Candida vulvovaginitis (Table 9.1) (Bongomin et al. 2017).

Invasive fungal diseases have a lower incidence than superficial and mucosal 
infections. However, they represent a major global problem because they are associ-
ated with high mortality. Knowledge about the global incidence of invasive fungal 
diseases is very uneven due to several factors, including the scarcity of national 
surveillance systems and the fact that it is not mandatory to report diseases caused 
by these microorganisms. Also, it is very common to observe a lack of clinical sus-
picion, except in specialized units. Even today, there are few places where cultures 
and other tests are carried out for the diagnosis of mycoses, not to mention that 
some fungal diseases have been recognized until very recently (Denning 2016).

A rough estimate of the resources available to various countries establishes that 
if the medical units had the availability of diagnostic tests and antifungal drugs, a 
high percentage of patients (~80%) with some invasive mycosis would survive the 
disease. However, early recognition and proper management of severe diseases 
remain a challenge, especially because of limited resources since many conven-
tional diagnostic tests take time to establish an accurate diagnosis, and antifungal 
treatment is often expensive and/or toxic. These resources are not available in all 
countries of the world (Global Action Fund for Fungal Infections 2017).

Table 9.2 includes opportunistic fungal diseases (candidiasis, aspergillosis, cryp-
tococcosis, mucormycosis, and pneumocystosis) which have a high mortality 
(46–75%, 30–95%, 20–70%, 30–90%, and 20–80%, respectively).

Many fungi species are responsible for these invasive diseases, which kill 1.4 
million people each year. This amount is similar to that caused by tuberculosis 

Table 9.1 The global partial burden of some fungal diseases

Fungal disease Global burden

Superficial diseases ~1,000,000,000
Keratitis ~1,000,000
Vulvovaginal candidiasis and RVVC ~134,000,000
Allergic manifestations ~23,306,675
Severe chronic diseasesa ~3,076,000

RVVC recurrent vulvovaginal candidiasis
a Chronic pulmonary aspergillosis, mycetoma, chromoblastomycosis, coccidioidomycosis, para-
coccidioidomycosis, blastomycosis, histoplasmosis
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(World Health Organization, Tuberculosis https://www.who.int/news- room/fact- 
sheets/detail/tuberculosis).

In the last decades, opportunistic fungal infections have acquired outstanding 
importance in the clinical setting. Candida spp. and Cryptococcus spp. are the most 
frequently reported yeasts, and Aspergillus spp., Scedosporium spp., Fusarium spp., 
and Zygomycetes are the most frequently described filamentous fungi. Invasive 
infections have increased making them a current public health problem. This has 
brought a prevailing demand to expand the knowledge of medical mycology in 
healthcare providers (Enoch et al. 2006).

Some of the reasons that have been proposed to explain this increase in invasive 
fungal diseases are the wide use of immunosuppressive and antineoplastic drugs, 
medical devices, prolonged treatment with broad-spectrum antibiotics, more aggres-
sive surgeries, and prolonged stays in intensive care units. In a word, the increase in 
immunocompromised individuals places them at a high risk of acquiring a fungal 
infection (Vivek et al. 2019). What is notable in the aforementioned is that invasive 
fungal infections are associated with deterioration of the function of the immune 
system. In fact, fungi that cause diseases in humans became notorious only recently. 
The increase in oral thrush due to Candida is associated with the introduction of 
antibiotics and the increase in cryptococcosis and aspergillosis that occurs with HIV 
(Vincent et al. 2009).

On the other side of the spectrum, there are thousands of fungi that produce dis-
ease in insects, amphibians, reptiles, and plants. There are few fungal infections in 
mammals, which is attributed to the combination of endothermy and adaptive 
immunity. There are an estimated 270,000 and 50,000 fungal species that cause 
fungal disease in plants and insects, respectively (Hawksworth and Rossman 1997).

Despite the wide fungal diversity mentioned above, very few fungi cause disease in 
humans. The list of pathogenic fungi reviewed in most educational programs for train-
ing health personnel includes dermatophytes, Malassezia spp., Trichosporon spp., 
Madurella spp., Trematosphaeria spp., Sporothrix spp., Fonsecaea spp., Rhinocladiella 
spp., Phialophora spp., Coccidioides spp., Histoplasma spp., Paracoccidioides spp., 
Blastomyces spp., Candida spp., Cryptococcus spp., Pneumocystis jirovecii, 
Aspergillus spp., Phaeohyphomycosis (Cladophialophora spp., Exophiala spp., 

Table 9.2 The global partial burden of some invasive fungal diseases

Fungal disease Annual incidence

Invasive candidiasis ~750,000
Invasive aspergillosis >300,000
P. jirovecii pneumonia (AIDS and non-AIDS) ~500,000
Cryptococcosis (AIDS) ~223,000
Mucormycosis >10,000

Bongomin et al. (2017). Global and multinational prevalence of fungal disease estimate precision. 
J Fungi 3:57. doi:https://doi.org/10.3390/jof3040057
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Exophialophora spp.), Hyalohyphomycosis (Fusarium spp., Scedosporium spp., 
Acremonium spp., Paecilomyces spp., Scopulariopsis spp., Penicillium spp.), and 
Zygomycetes (Mucor spp., Rhizopus spp., Lichtheimia spp.).

There are a large number of environmental sources of fungi that infect humans; 
for example, house pets are a potential source of fungal infections, as well as the soil 
on ornamental plants. This also includes all those conditions that have to do with the 
spread of fungi from one habitat to another and are important causes of fungal dis-
eases, such as demolitions, excavations, constructions, dust accumulations, water 
leaks, etc. Most fungal infections are acquired from the environment by inhalation 
or skin trauma. In general, the fungi specified above rarely cause disease in immu-
nocompetent hosts. So it seems that an innate and adaptive defense system in mam-
mals is crucial for resistance to fungal infections. When we are infected by a 
pathogenic fungus, it can produce what is called virulence factors to survive in the 
complex environment that is the human body. The most studied virulence factors 
are a capsule, lytic enzymes, such as phospholipases, keratinases, proteases, and 
hemolysins, adhesion capacity, thermotolerance, the morphological change that 
occurs from the commensal phase to the pathogen phase, dimorphism, chemical 
changes of the cell wall, etc. Humans have defense mechanisms that prevent an 
infection from turning into disease: phagocytosis, complement, inflammatory 
response, and the rapid activation of an adaptive response that involves cell- mediated 
immunity and humoral immunity. In warm-blooded animals, such as mammals and 
birds, endothermy prevents the establishment of many fungi that are unable to grow 
at high temperatures. Endothermy is considered a very efficient evolutionary strat-
egy that excludes most fungal species from a mammalian host. Temperature 
increases in response to infections like fever limit the survival of a pathogen 
(Hillenius and Ruben 2004). Endothermy is related to metabolic and thermody-
namic benefits, but these benefits come at a high cost since endothermic vertebrates 
require around ten times more oxygen to carry out metabolism than ectothermic 
vertebrates (Ruben 1995). If the environment has a large number of fungal species 
and only a few are pathogenic to humans and other animals, it is suggested with 
some certainty that the existence of a complex defense mechanism and a high and 
stable temperature limit the establishment and growth of pathogenic fungi, thus 
providing relative resistance to systemic infections (Biegańska 2014).

9.3  Global Warming and Its Health Influence

9.3.1  Global Warming and the Impact on Fungi

Climate change is one of humanity’s most pressing problems. Today’s complex 
world is characterized among other things by globalization; mass travel; communi-
cations; migration networks; enormous economic differences; economic, political, 
and social crises; a lack of work and education; and demographic changes. Climate 

9 Impact of Climate Change on Opportunistic Molds Infections



150

change will amplify many of these factors (McMichael 2015). The consequences on 
the environment and health will mainly affect poor people from all the countries in 
the world. This fact leads to profound effects on human rights; social justice; politi-
cal, economic, social, and cultural rights; and the elimination of discrimination, 
especially in women living in rural areas (Table 9.3).

The climate of our planet has changed throughout its history, with periods of cold 
global temperature followed by periods of warming (Hoffman et al. 1998). The shift 
from a mainly agricultural economy to an industrial economy has had a major influ-
ence on the population, which experienced rapid growth, especially in urban areas. 
The Industrial Revolution was a turning point in history, modifying and influencing 
all aspects of everyday life in one way or another. This transition began toward the 
end of the eighteenth century in the textile industry, as well as in the extraction and 
use of coal.

The generation of greenhouse gases, such as carbon dioxide, methane, and 
nitrous oxide, will increase the global temperature by 2–5 °C in the coming years. 
This will take the Earth to the warmest period in the last 40 million years 
(Intergovernmental Panel on climate change 2007). Fungi can grow in a tempera-
ture range from 12 to 30  °C.  A wide tolerance to temperature can be observed 
among the different species, with some growing at −10 and others up to 65  °C 
(Marquez et al. 2007). However, at temperatures above 30 °C, there is a sudden 
decrease in both growth and viability in fungal species (Robert and Casadevall 2009).

The rise in temperature in the world will lead to more drastic and frequent meteo-
rological conditions; increased frequency and/or duration of heat waves; heavy pre-
cipitation events; intensity and/or duration of droughts; greater melting of ice; 
intense tropical cyclone activity; sea-level changes; alteration of distribution pat-
terns of diseases carried by water, food, and vectors; and many other environmental 
changes (Wheeler and Watts 2018). Those conditions entail soil degradation, loss of 
productivity of agricultural land, loss of biodiversity, degradation of ecosystems, 
reduced freshwater resources, acidification of oceans, increased pollution, and the 
disruption and depletion of the ozone layer (Rockstrom et al. 2009). Humans depend 
on natural environments with clean air, safe and nutritious food and water, and a 
stable place to live (Watts et al. 2015); with these rapid and drastic environmental 
changes, there are a series of consequences for the health and well-being of humans. 
One such consequence may be the gradual change in fungal infections, which can 

Table 9.3 Rights threatened by climate change

Human rights and 
social justice

Civil and 
political rights

Economic, social, and 
cultural rights

Elimination of 
discrimination

Security Right to life Self-determination Women
Adequate living 
(health, well-being)

Culture Political status

Religion Economic, social, and 
cultural development

Language Physical and mental health
Education
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become a threat to humans. The effects of ambient temperature and humidity on 
fungal sporulation and dispersal could favor an increase of emerging thermotolerant 
fungi that will be able to survive warmer temperatures. These changes would have 
great implications on human health because there are few antifungal drugs and it 
would be necessary to implement new diagnostic tests (Bromuro et al. 2010).

Very little has been studied about global warming and its impact on fungi, but it 
is believed that it could have an important effect on these microorganisms. A warmer 
ambient temperature will surely change the distribution of susceptible and heat- 
tolerant species favoring those that are more heat-tolerant and creating the condi-
tions for environmental fungi to spread and come into close contact with humans; a 
good example is P. brasiliensis, C. gattii, and A. fumigatus.

A. fumigatus stands out as the main opportunistic pathogenic filamentous fungus 
in immunocompromised patients, especially in transplanted individuals. It is a sap-
rophyte that has qualities that make it highly competitive in the environment, since 
it can adapt to a wide range of temperatures and pH, as well as various nutrients. 
However, thermotolerance is referred to as a potential virulence factor for this 
microorganism. A. fumigatus is capable of growing rapidly at 37 °C and tolerates 
temperatures of 60 °C. This fact contrasts with the majority of pathogenic fungi for 
humans that have optimal temperatures for their growth in the range of 25 and 35 °C 
(Barrozo et al. 2009). Thermotolerance in A. fumigatus could play a very important 
role in allowing it to survive in a climate-changed world.

On the other hand, there will be greater selective pressure, and the prevalence of 
heat-tolerant species could increase. For every 1 °C increase in body temperature to 
the range of 30–42 °C, approximately 6% of fungal species are excluded as poten-
tial pathogens (Fig. 9.1). Global warming will be responsible for reducing the ther-
mal gradient between ambient temperature and the temperature of mammals. The 
current gradient is 22 °C, and for every degree that the average global temperature 
increases, the gradient is reduced by about 5% (Robert and Casadevall 2009).

It seems that the virulence of the fungi parallels the emergence of thermotoler-
ance. In addition, fungal species that are more closely related to known pathogens, 
but are not thermotolerant, will be the ideal candidates for the emergence of new 
pathogens. At this point, there is an enormous risk of the emergence of new fungal 
pathogens (Robert and Casadevall 2009).

9.4  Fungal Infections and Natural Disasters

9.4.1  Natural Disasters

Natural disasters also play an important role in the increase of some infectious dis-
eases in general, and fungal diseases do not go unnoticed. The World Health 
Organization defines a natural disaster as a disruption of a society that results in 
widespread human, material, or environmental loss that exceeds the ability of the 
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affected society to cope through the use of local resources (WHO definitions: emer-
gencies, cited 2021 Jun 12).

Economic, social, and cultural adjustments create a unique set of circumstances 
in each type of natural disaster, just as the immediate causes of illness or death vary 
in each type of event (hit with objects, lacerations, crushing, suffocation, and drown-
ing) (Noji 2000).

Postimpact characteristics and recovery phases from a natural disaster, such as 
displacement of human populations, reduction in vaccine coverage for preventable 
diseases, deficiencies in sanitation, and limited access to hospitals, can lead to an 
increase in infectious diseases that were previously controlled or occurred infre-
quently in the affected area. There is a strong association between fungal infections 
and natural disasters. This is attributed to the fact that in the impact phase of a given 
disaster, the fungal conidia that are in the environment can be inhaled, aspirated, or 
inoculated into the skin of humans. On the other hand, after a natural disaster, 
conidia can spread to other regions. This would lead to an increase in their environ-
mental concentration in a given region or the entrance of conidia into habitats where 
they are not normally present. Both situations lead to a probability of making con-
tact with injured people and causing fungal disease. The direct role that climate 
change has in the mechanisms that pathogenic fungi have regarding environmental 
growth, dispersal, and subsequent distribution is not fully understood. However, 
indirectly, climate change can lead to an increase in natural disasters which is asso-
ciated with an increase in fungal infections (Benedict and Park 2014).

Fig. 9.1 Frequency histogram of thermal growth tolerance for 4802 fungal strains (bars)
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Natural disasters can be classified into three groups: geophysical (earthquakes, 
volcanic eruptions, and tsunamis), hydrometeorological (floods, hurricanes, and 
tornados), and geomorphological (landslides and avalanches) (Floret et al. 2006). 
The most common routes of fungal infection in natural disasters are inhalation, 
semi-drowning, and subcutaneous tissue trauma.

 Inhalation

This is a very common route to acquire a fungal infection. Fungi can cause respira-
tory infections ranging from asymptomatic to severe, life-threatening manifesta-
tions in humans. This wide spectrum of clinical manifestations depends on the host 
and the characteristics of the pathogen. Coccidioides spp. is a fungus that grows in 
semiarid soil and is endemic in the Southwestern United States and Northern 
Mexico. This fungus is one of the best examples that associate the impact of natural 
disasters related to the removal of dust and the subsequent appearance of fungal 
diseases. A classic report of a coccidioidomycosis outbreak occurred after a dust 
storm in the San Joaquin Valley in California in 1977. The storm started in 
Bakersfield, a city well recognized as endemic for this fungus. The dispersion of 
dust with conidia caused the establishment of fungi in other cities such as 
Sacramento, considered non-endemic. After this dust storm, more than 100 cases of 
coccidioidomycosis were reported (Flynn et  al. 1979). Another very illustrative 
report on the effect of natural disaster conditions and the appearance of fungal dis-
eases was the earthquake in Northridge, California, in 1994. As a consequence, 
Coccidioides conidia were dispersed by the dust produced, and later outbreaks of 
coccidioidomycosis occurred in cities that were not considered endemic (Schneider 
et al. 1997).

 Semi-drowning

Semi-drowning and drowning are very common conditions during a natural disaster 
related to flooding from hurricanes and tsunamis. However, tsunamis have a greater 
impact on the human population. Most immediate deaths usually result from drown-
ing. However, other people remain alive with varying degrees of damage to their 
health. It is important to remember that these floods do not consist only of water, but 
they also contain a large amount of debris mixed with the water, traveling at a vari-
able speed according to each event (Keim 2013) In general, three stages that impact 
human health during floods are caused by tsunamis: (a) In the first stage that occurs 
in the first minutes of the disaster, people are hit by a large number of diverse mate-
rials, such as construction material, metal, or glass sheets, or entangled in materials 
such as cables, wires, etc. Victims usually succumb to immediate damage to their 
bodies. (b) In the second stage, which occurs in the following minutes to hours after 
the disaster, complications also considered immediate appear as a result of wounds: 
bleeding, lung collapse, etc. and (c) in the third stage, which occurs days after the 
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disaster, late complications occur that are mainly associated with infectious diseases 
(wound infections and aspiration pneumonia) (Noji 2000).

Aspiration of water contaminated with various debris can lead to sinus and lung 
infections. The aspiration pneumonia that occurs after this natural disaster is often 
referred to as a tsunami lung. The pathophysiology of the tsunami lung involves 
inflammation induced by chemicals, mechanical processes, and microorganisms. 
With regard to the latter, this entity can be caused by bacteria, fungi, or both 
(Table 9.4). Most often, a polymicrobial lung infection develops.

Allworth (2005) reported necrotic pneumonia in a group of survivors of the 
Asian tsunami in 2004. Approximately 1 month after the immersion event, patients 
developed fever, chronic nonproductive cough, and radiological evidence of bilat-
eral necrotizing pneumonia with cavitation. A notable characteristic of these patients 
was the subacute presentation of their disease, the persistence of symptoms despite 
broad-spectrum antibiotic therapy, and the development of clinical and radiological 
manifestations of necrosis with pleural involvement.

Nakamura et al. (2011) reported the case of a 59-year-old woman who had been 
washed away by the tsunami that hit the Sanriku Coast in northeast Japan in 2011. 
She breathed in saltwater contaminated with soil and oil spilled into the sea by a 
ship that had overturned. She swam and reached land again, was in a gym as a shel-
ter, and then was transferred to a hospital where she developed respiratory failure. 
On day 69 of hospitalization, Scedosporium apiospermum was identified from 
bronchoalveolar lavage.

The genus Scedosporium appears to be the most common opportunistic fungus 
associated with situations that lead to semi-drowning. However, the information is 
limited to case reports only. In these reports, the tropism of the microorganism to 
reach the central nervous system has also been documented, a situation that can 
occur even in immunocompetent individuals. The way in which Scedosporium 
apiospermum reaches the central nervous system is believed to be due to local dis-
semination from sites near the brain. On the one hand, there are paranasal sinuses or 
cribriform plate and, on the other hand, hematogenous dissemination from the lungs 
(Nakamura et al. 2011). This genus consists of cosmopolitan saprophytic fungi in 

Table 9.4 Etiological agents frequently reported in the tsunami lung

Bacteria Fungi

Aeromonas spp. Candida albicans

Pseudomonas spp. Aspergillus fumigatus

Acinetobacter baumannii Scedosporium apiospermum

Staphylococcus aureus

Stenotrophomonas maltophilia

Burkholderia pseudomallei

Burkholderia cepacia

Legionella pneumophila

Escherichia coli
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the soil of regions with temperate and tropical climates. Its isolation is frequent in 
soils with high human activity such as agricultural soils, urban gardens, play-
grounds, sports, and domestic gardens. This is probably due to organic contamina-
tion (Elizondo-Zertuche et al. 2017).

Another case is that of a 68-year-old woman who experienced a semi-drowning 
episode during the tsunami that followed the 2011 Japan earthquake. She was diag-
nosed with a tsunami lung approximately 7 hours after the disaster. Before the inci-
dent, she had no significant history. On admission to the hospital, she was conscious; 
however, she gradually developed dyspnea and mental deterioration and was trans-
ferred to another hospital where she was intubated. Blood cultures were negative for 
bacteria and fungi. The 1,3 B-D-glucan test, which was also performed, was posi-
tive. A. fumigatus was identified in sputum cultures (Yutaka et al. 2012). This report 
is a warning of aspergillosis as an important complication of the tsunami lung and 
how even previously healthy individuals can contract a severe Aspergillus spp. 
infection. Therefore, it is important to consider the administration of an effective 
antifungal as empirical treatment in the early phase of hospitalization in survivors 
of a natural disaster, even in immunocompetent patients.

 Subcutaneous Tissue Trauma

Wounds contaminated with water, dirt, or other debris is a very common situation 
after a natural disaster. Although the majority of soft tissue infections after a natural 
disaster are bacterial, fungal infections can also occur. Fungal infections are poorly 
recognized, especially early in the disease because they are clinically similar to 
bacterial infections.

Mucormycosis, caused by fungi belonging to the Mucorales order, is the most 
recognized fungi of post-disaster soft tissue infections. The natural disasters most 
implicated with this type of infection are volcano eruptions, tornados, and tsunamis. 
In some of these reports, the clinical challenge associated with soft tissue mucormy-
cosis is highlighted since they are initially indistinguishable from other types of 
wound infections, but mucormycosis requires more aggressive antifungal treatment 
and surgical debridement. Post-disaster cases of mucormycosis have also been 
reported, especially in people working in the reconstruction stage, with cleaning 
brush and lifting fallen trees near their houses. Other fungi that have been reported 
in soft tissue fungal infections include Fusarium spp. and Cladophialophora 
bantiana.

Petrini et  al. (2006) reported two Swedish individuals with severe soft tissue 
damage during the 2004 Thai tsunami. They subsequently received skin grafts after 
multiple surgeries. Four to 6 weeks after the event, they showed signs of purulent 
infection in non-traumatized skin and outside the margins of the resection. Skin 
biopsies revealed granulomatous reactions and pigmented hyphae in one of the 
patients. In the cultures, C. bantiana and Mycobacterium abscessus were recovered 
from both patients. After treatment with voriconazole, clarithromycin, and amika-
cin, the symptoms gradually subsided in one patient. In the other patient, there were 
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reminiscent abscesses, and Mycobacterium abscessus was recovered in cultures 
despite prolonged antibiotic therapy, although the individual eventually recovered. 
C. bantiana is a dematiaceous fungus from the environment with worldwide distri-
bution. It is better known as a causal agent of disseminated disease and brain 
abscesses mainly in immunosuppressed patients, although sporadically it has been 
reported to cause damage in immunocompetent individuals.

 Damage to Infrastructure

Damage to infrastructure usually results from the crowding of survivors into tempo-
rary shelters, as well as damage to water systems, electricity, and sanitation. It 
should also be mentioned that the destruction of roads and airports can prevent the 
arrival of all humanitarian aid on time.

The event that happened in Colombo, Sri Lanka, represents the danger of fungal 
infections when infrastructure is damaged. An outbreak of Aspergillus fumigatus 
meningitis occurred in 2005 (Gunaratne et al. 2007), between June 21 and July 17, 
2005, after the administration of anesthesia in previously healthy women who 
underwent cesarean section. Approximately 11  days later, they developed fever, 
headache, and stiff neck. Three patients died. Fungi culture from cerebrospinal fluid 
(CSF) or postmortem brain tissue resulted in A. fumigatus. As the suspicion of an 
outbreak began, exhaustive microbiological investigations began. Disposable 
syringes, intravenous and spinal needles, cannulas, and ampules with anesthetics 
were collected. A. fumigatus was found in syringes from three different brands. 
When the places where the material was stored were reviewed, they found an inad-
equate space for tsunami donations: leaks in the ceiling, dust, and humidity. 
Although the origin of the contamination was not found, the most likely explanation 
is that the storage facilities could be involved given the poor storage conditions in 
which they were found after the tsunami in 2004. Because of the massive influx of 
donations, they were still in operation. Aspergillus meningitis has a high mortality 
rate; the survival of two of the heavily treated patients shows the importance of 
specific diagnostic tests to bring early recognition and administration of appropriate 
treatment. Removal and incineration of all unused material controlled the outbreak.

9.5  Conclusion

Very little has been studied about global warming and the impact on fungi, but it is 
believed that it could have an important effect on these microorganisms. A warmer 
ambient temperature will surely change the distribution of susceptible and heat- 
tolerant species favoring those that are more heat-tolerant and creating the condi-
tions for environmental fungi to spread and come into close contact with humans. 
On the other hand, the rise in temperature in the world will lead to more drastic and 
frequent meteorological conditions. Fungal diseases occur after natural disasters. 
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These disasters damage human lives, infrastructure, the environment, and human 
shelter and water and food sources. It is not difficult to imagine the degree of harm 
to humans in the future caused by this climate-changed world.

Future generations stand to inherit a greatly spoiled world. Our children and grandchildren 
should not have to pay the cost of our generation’s irresponsibility. Today’s ecological cri-
sis, especially climate change, threatens the very future of the human family. This is no 
exaggeration.—Pope Francis, 2018
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10.1  Introduction

In recent years, the frequency of opportunistic fungal infections has increased, par-
ticularly in some hospital areas like intensive care units (Gnat et  al. 2021). This 
increase is associated with the growing susceptible population, which includes 
immunocompromised patients with serious diseases or immunosuppressive phar-
macological treatments; patients receiving parenteral nutrition, broad-spectrum 
antibiotics, or organ transplants; as well as patients who have cancer or diabetes (de 
Oliveira Santos et al. 2018; Garbee et al. 2017; Gnat et al. 2021). The most common 
opportunistic fungal infection is candidiasis, caused by yeasts of the genus Candida 
which includes more than 200 species, but only about 10% are recognized as patho-
genic to humans and some animals (Gnat et al. 2021; Pal et al. 2015). Some Candida 
species are part of the mycobiota of humans’ skin and gastrointestinal tract (de 
Oliveira Santos et  al. 2018). However, under certain immunosuppression condi-
tions, they can become pathogenic and cause disease ranging from a superficial 
infection affecting the skin or mucous membranes to a systemic infection that can 
spread and invade internal organs (Pappas et al. 2018). Superficial candidiasis is the 
most common clinical form, usually presented chronically and recurrently, without 
endangering the lives of those who have it (Reyes-Montes et al. 2017). On the other 
hand, the invasive form is recognized as one of the main causes of morbidity and 
mortality in the hospital environment (Reyes-Montes et al. 2017; Spampinato and 
Leonardi 2013). The most frequent etiological agent of candidiasis, both superficial 
and invasive, is Candida albicans, which is the species with the highest pathogenic-
ity within the genus (Borman et al. 2016). However, in the last two decades, the 
isolation of non-albicans species like C. glabrata, C. parapsilosis, C. tropicalis, 
C. guilliermondii, and C. krusei has been reported more frequently around the world 
(Bassetti et al. 2019; Garbee et al. 2017; Martins et al. 2014; Reyes-Montes et al. 
2017). This change in etiology is relevant because the non-albicans species tend to 
have low susceptibility to antifungals, complicating the therapeutic management of 
patients (Gonzalez-Lara and Ostrosky-Zeichner 2020). It is important to mention 
that the number of pathogenic species within the genus Candida has increased with 
the discovery of new species, some of which are phenotypically indistinguishable 
from already known species due to a close phylogenetic relationship. Such is the 
case of C. nivariensis and C. bracarensis, which are related to C. glabrata (Alcoba- 
Flórez et al. 2005; Correia et al. 2006), as well as C. metapsilosis and C. orthopsi-
losis that are associated with C. parapsilosis (Bertini et  al. 2013; Tavanti et  al. 
2005). Also, a little over a decade ago, a new clinically relevant species was reported, 
called C. auris, whose incidence increased rapidly worldwide, with a significant 
mortality rate, higher than 60%, and associated with the yeast tendency to show 
resistance to multiple types of antifungals (Ademe and Girma 2020; Satoh et al. 
2009; Spivak and Hanson 2018; Tsay et al. 2017; Uppuluri 2020). In addition, other 
important features that C. auris possesses and that have made it a threat to global 
public health are the ability to contaminate and persist in hospital environments and 
spread to patients and healthcare personnel, causing colonization and outbreaks of 
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invasive infections (Ademe and Girma 2020; Spivak and Hanson 2018; Uppuluri 
2020). However, one of the aspects that draw more attention to this new pathogen is 
the cause that led to its sudden and apparently synchronized appearance on three 
continents (Lockhart et al. 2018). Although the emergence of C. auris can be associ-
ated with multiple factors, climate change seems to be a key factor (Casadevall et al. 
2019, 2021).

This chapter presents the general aspects of C. auris and the disease caused by 
this fungus, as well as the evidence reflecting the possible participation of climate 
change in its appearance.

10.2  C. auris: An Emerging Yeast with Distinctive Features

In 2009, a yeast fungus isolated from the discharge of the ear canal of a 70-year-old 
woman suffering from otitis media was reported in Tokyo, Japan (Satoh et al. 2009). 
This yeast was described as a new species within the genus Candida and was called 
C. auris (Satoh et al. 2009). The identification of C. auris as a new species was 
based on both its genotypic and phenotypic characteristics.

At the genotypic level, the analysis of the sequences obtained from the internal 
transcribed spacer (ITS) and the D1/D2 domain of the (28S) rDNA gene established 
C. auris as a distinct species in the Metschnikowiaceae family within the clade 
Candida/Clavispora, showing a close phylogenetic relationship with the C. haemu-
lonii species complex (Satoh et al. 2009). The C. haemulonii complex is composed 
of C. haemulonii sensu stricto, C. haemulonii var. vulnera, C. duobushaemulonii, 
and C. pseudohaemulonii, as well as the yeasts C. ruelliae, C. vulturna, and C. hev-
eicola, which are isolated from flowers and plant material (Cendejas-Bueno et al. 
2012; Jackson et al. 2019; Satoh et al. 2009).

At the phenotypic level, C. auris possesses unique features compared to other 
Candida species, including those of the C. haemulonii complex:

 1. Thermotolerance. C. auris optimal growth, both in its aggregate form (i.e., cells 
where budding occurs without releasing daughter cells) and non-aggregate form 
(i.e., dissociated cells), is observed between 37 and 40 °C. It can even grow at 
42  °C, although slowly, while species such as C. albicans, C. haemulonii, 
C. pseudohaemulonii, or C. heveicola do not tolerate this temperature.

 2. Osmotolerance. C. auris tolerance to high salt concentrations (10% NaCl) is 
another distinctive feature. It has been observed that salinity induces the forma-
tion of elongated cellular morphologies, similar to the pseudohyphae of other 
Candida species, suggesting that the morphological transition may be adaptive 
under stressful conditions (Wang et al. 2018).

Likewise, thermotolerance and osmotolerance are characteristics that can 
contribute to the persistence and survival of C. auris on biotic and abiotic sur-
faces over long periods (Kean et al. 2018; Welsh et al. 2017). It is known that 
C. auris survives several weeks on human skin and environmental surfaces and 
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may even tolerate exposure to some commonly used disinfectants (Du et  al. 
2020; Uppuluri 2020).

 3. Carbon source. C. auris can assimilate glucose, sucrose, maltose, D-trehalose, 
D-raffinose, D-melezitose, D-mannitol, sorbitol, citrate, inulin, starch, ribitol, 
and galactitol as carbon sources. However, it has little ability to assimilate galac-
tose, l-sorbose, cellobiose, and l-arabinose, and the assimilation of 
N- acetylglucosamine, gluconate, and succinate varies depending on the geo-
graphic origin. For example, isolates from Japan or Korea do not assimilate 
N-acetylglucosamine (Iguchi et al. 2019).

 4. Morphological phenotypes. Some of the C. auris isolates are unicellular yeasts, 
while others form large aggregates, simulating pseudohyphae, since stem and 
daughter cells do not dissociate, which can be caused by a defect in cell division 
(Borman et al. 2016; Du et al. 2020). There is evidence that C. auris isolates can 
form true hyphae in specific circumstances, such as the presence of 10% NaCl in 
culture media at 37 and 42 °C (Wang et al. 2018). Besides, the factors that induce 
filamentation in C. albicans, such as serum, N-acetylglucosamine, and high CO2 
levels, do not have the same effect on C. auris (Wang et al. 2018).

 5. Biofilm formation. C. auris forms biofilms on surfaces, although these are weaker 
than the C. albicans biofilms. However, in the same way as with other Candida 
spp., C. auris cells in the biofilm tend to show greater resistance to antifungals 
than planktonic cells. It has been observed that biofilm formation varies between 
C. auris isolates. The isolates with a non-aggregate growth develop more robust 
biofilms than the isolates with aggregate growth (Singh et al. 2019).

 6. Antifungal resistance. Another distinctive feature of C. auris is its intrinsic resis-
tance to one or several types of antifungals (azoles, polyenes, and echinocan-
dins) used for candidiasis treatment (Chybowska et al. 2020). Low susceptibility 
to triazoles (itraconazole, voriconazole, and isavuconazole) has been reported. 
Some isolates exhibit in vitro susceptibility to fluconazole, but in vivo treatment 
with this antifungal has failed (Vallabhaneni et al. 2016). C. auris susceptibility 
to polyenes, such as amphotericin B, is variable. It has been noted that between 
10% and 35% of isolates are resistant to amphotericin B (Ostrowsky et al. 2020; 
Sarma et al. 2013). Concerning echinocandins, micafungin has shown a fungi-
cidal effect against C. auris (Dudiuk et al. 2019), but caspofungin and anidula-
fungin have shown only a fungistatic effect in vitro, despite acting as fungicides 
with other Candida species (Kordalewska et al. 2018). Due to this variable resis-
tance among isolates, it has not yet been possible to define optimal treatment 
regimens against C. auris. It is worth mentioning that the antifungal multiresis-
tance that C. auris exhibits has also been observed in some phylogenetically 
related species, such as C. haemulonii (Ben-Ami et al. 2017; Kim et al. 2009). 
Therefore, their resistance mechanisms are also similar. The main resistance 
mechanisms to azoles and echinocandins are the Y132F mutations in ERG11 
(gene encoding for lanosterol 14α-demethylase) and S639P in FKS1 (gene 
encoding for 1,3 β-D-glucan synthase), respectively (Chow et al. 2020).

 7. Virulence factors. C. auris can adhere to the tissue surface and invade the host 
cell by producing lytic enzymes as proteinase, aspartyl protease, hemolysins, 
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lipases, and phospholipase (Chybowska et  al. 2020). The level of activity of 
C. auris lytic enzymes may vary between isolates depending on their geographi-
cal origin; however, the phospholipase activity in C. auris is comparable to that 
of C. albicans (Friedman and Schwartz 2019; Jeffery-Smith et  al. 2017; 
Navalkele et al. 2017; Spivak and Hanson 2018). The ability to form biofilms is 
another pathogenicity factor of C. auris, and it has been shown that isolates with 
a non-aggregate growth tend to produce more biofilms than those with aggregate 
growth (Sherry et al. 2017). Still, the biomass in C. auris biofilms is reduced 
compared to that of C. albicans biofilms (Jeffery-Smith et al. 2017). The form of 
growth is probably another virulence factor of C. auris. It has been observed that 
isolates with in vitro non-aggregate growth exhibit a higher or similar virulence 
to that of C. albicans compared to isolates with aggregate growth (Ben-Ami 
et al. 2017; Borman et al. 2016; Chybowska et al. 2020; Sherry et al. 2017). But 
it is still unknown whether aggregate-forming isolates cause less spread in 
human infections or if the aggregates protect the fungus against the host’s 
immune response, the antifungal effects, and the detergents used to clean hospi-
tal environments (Borman et al. 2016; Spivak and Hanson 2018).

 8. Complex identification. C. auris identification is difficult when conventional 
methods for Candida spp. and other clinically relevant yeasts are used. For 
instance, in chromogenic culture media, C. auris cells can form light pink to 
beige or even white colonies, preventing species identification (Bidaud et  al. 
2018). Automated systems, based on biochemical tests, often provide erroneous 
or confusing results for identifying C. auris isolates because these systems have 
not yet included the assimilation profiles for carbohydrates and other compounds 
corresponding to C. auris. Therefore, it is impossible to differentiate C. auris 
phenotypically from other Candida species or other yeasts (ElBaradei 2020; 
Kathuria et al. 2015; Mizusawa et al. 2017). For this reason, to alert users, the 
Centers for Disease Control and Prevention (CDC) of the United States pub-
lished information on the Candida species and other yeasts that can be mistaken 
for C. auris when using the Vitek-MS® (bioMérieux, Marcy-l’Étoile, France), 
Vitek-2® (bioMérieux), Vitek 2YST® (bioMérieux), MicroScan (Beckman 
Coulter, Pasadena, USA), BD Phoenix® (Becton, Dickinson and Company, 
Franklin Lakes, USA), API 20C AUX® (bioMérieux), and RapID Yeast Plus® 
systems (Innovative Diagnostic Systems, Saint Eustache, Canada) (Table 10.1).

Due to the complexity to identify C. auris at the phenotypic level, the sequencing of 
the ITS or the D1/D2 domains of the (28S) rRNA gene is currently considered the 
gold standard methods for correctly identifying C. auris and differentiating it from 
other species, particularly those that conform the C. haemulonii complex. Likewise, 
it is possible to identify C. auris adequately through the protein profile obtained by 
MALDI-TOF MS (Kathuria et al. 2015; Kim et al. 2009; Kordalewska and Perlin 
2019; Mahmoudi et al. 2019).
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10.3  Infections Caused by C. auris

Since 2009, when the first case of infection (otitis media) by C. auris was reported 
in a geriatric patient (Satoh et al. 2009), this yeast has been associated with a variety 
of both superficial and invasive infections (Lockhart et al. 2018). However, invasive 
infections have been more frequent since most isolates have been recovered from 
sterile body fluids, such as blood, cerebrospinal fluid, sputum, urine, bile, and soft 
tissues, among others (Calvo et al. 2016; Du et al. 2020; Iguchi et al. 2019; Jeffery- 
Smith et al. 2017; Kathuria et al. 2015; Lee et al. 2011; Morales-Lopez et al. 2017). 
Among the invasive infections caused by C. auris, candidemia is the most observed 
one, affecting newborn to elderly patients. The estimated mortality rate is between 

Table 10.1 Misidentification of C. auris through the most commonly used automated systems for 
clinically relevant yeasts based on biochemical tests

Yeast 
misidentified as 
Candida auris

Identification method

MicroScan© Vitek-MS©
Vitek 
2©

Vitek 
2YST©

BD 
Phoenix 
system©

API 
20C
AUX©

API 
32C©

RapID 
Yeast 
Plus©

Candida albicans X X
Candida famata X X
Candida 
guilliermondii

X

Candida 
lusitaniae

X X

Candida 
parapsilosis

X X

Candida 
catenulata

X X

Candida 
tropicalis

X

Candida 
haemulonii

X X X X

Candida sake X X
Candida 
duobushaemulonii

X

Candida 
intermedia

X

Candida spp. X
Rhodotorula 
glutinis

X X

Saccharomyces 
kluyveri

X

Information obtained from the Centers for Disease Control and Prevention. Identification of 
Candida auris. Available online: https://www.cdc.gov/fungal/candida- auris/identifification.
html?CDC_AA_refVal=https%3A%2F%2Fwww.cdc.gov%2Ffungal%2Fcandida- 
auris%2Frecommendations.html (accessed on 18 May 2021)
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30% and 60%, mostly due to the yeast resistance to different antifungals (Spivak 
and Hanson 2018). Risk factors for candidemia caused by C. auris are the same as 
for any Candida spp. infection. They include hospitalization in critical areas, broad- 
spectrum antibiotic therapies or invasive medical procedures, advanced age, diabe-
tes mellitus, recent surgery, chronic kidney disease, and a history of central venous 
catheter use, among others (Calvo et al. 2016; Du et al. 2020; Lockhart et al. 2018; 
Spivak and Hanson 2018). In the same way as with other invasive infections by 
Candida spp., infections caused by C. auris are usually acquired in the hospital. 
They can even occur several weeks after the patient’s admission to the hospital, sug-
gesting a source of exogenous infection associated with the poor practice of infec-
tion control recommendations (Lockhart et  al. 2018). Nosocomial infections by 
C. auris usually occur with a clonal distribution of incident cases, demonstrating 
horizontal transmission between susceptible patients (Hata et  al. 2020). Several 
studies have described infectious disease outbreaks and individuals colonized with 
C. auris, where the fungus was colonizing the skin (hands, armpit, groin) of patients 
and contacts of patients and health workers and numerous objects from the hospital 
environment. Such items include bed railings, manual bed controllers, chairs, bed 
trays and medical equipment, cell phones, floors, door handles, alcohol gel dispens-
ers, sinks, urinals, and mop buckets (Escandón et al. 2018a, b; Tsay et al. 2017). 
These findings demonstrated that the hospital environment of a colonized or infected 
patient could lead to the transmission of C. auris and subsequent colonization or 
infection of other patients. A European hospital reported that more than 50% of 
infections caused by C. auris were preceded by patient colonization (Ruiz-Gaitan 
et al. 2018), which highlights the need to prevent colonization and identify colo-
nized individuals. Therefore, it is recommended that all hospitalized patients with 
infection or colonization with C. auris are treated using both standard precautions 
and contact precautions (Hata et al. 2020).

10.4  Epidemiological Expansion of C. auris

Although it was in 2009, in Japan, the first time that C. auris was described as a new 
species causing infection in humans, the first known case was retrospectively identi-
fied by sequencing a bloodstream isolate obtained from a pediatric patient in South 
Korea in 1996, which had been erroneously described as C. haemulonii and 
Rhodotorula glutinis using the Vitek 2YST and API 20C systems, respectively (Lee 
et al. 2011). There are also records of seven C. auris isolates obtained in 1997 from 
patients with otic infection in Japan, misidentified as C. sake and Saccharomyces 
kluyveri with the API ID32C system (Iguchi et al. 2019). In 2008, a C. auris isolate 
from Pakistan that had not been appropriately typified was also retrospectively 
reclassified (Lockhart et al. 2018). It should be noted that these are the only reports 
of C. auris in the period between 1996 and 2009. Before 1996 there are no other 
reports, which indicates that the prevalence of this pathogen was low (Lockhart 
et al. 2018). However, as of 2009, cases of infections by C. auris increased steadily 
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and in a short time in several countries. Furthermore, in 2015, the CDC reported 
outbreaks in India, South Africa, and Venezuela while handling an outbreak in 
Pakistan (Calvo et al. 2016; Chowdhary et al. 2013, 2014; Lockhart et al. 2018; 
Magobo et al. 2014). This sudden simultaneous outburst on three continents, Asia, 
Africa, and South America, created uncertainty on how the yeast had spread to 
these sites.

To better understand the epidemiology of C. auris and to define whether its 
emergence occurred independently in several countries or if it was caused by the 
spread of a single outbreak, international collaboration was established to perform 
the whole-genome sequencing (WGS) of isolates from Pakistan, India, South 
Africa, and Venezuela (Lockhart et al. 2018). The genome sequencing showed sin-
gle nucleotide polymorphisms (SNPs) among the isolates, with which phylogenetic 
analyses were performed that revealed a phylogeographic structure composed of 
five genetically distinct clades: clade I, South Asia (India/Pakistan); clade II, East 
Asia (Japan); clade III, South Africa; clade IV, South America (Venezuela) (Chow 
et al. 2020; Lockhart et al. 2018); and clade V, Iran (Chow et al. 2019). It has been 
observed that clade IV has a more consistent phylogeographic structure, while 
clades I, II, and III are mixed. For example, isolates from different clades have been 
found in the United Kingdom, the United States, Kenya, and Germany (Borman 
et al. 2017; Chow et al. 2018, 2020; Hamprecht et al. 2019) (Fig. 10.1). It has been 
postulated that people exposed to C. auris who travel internationally, such as health-
care workers, may have been involved in the spread and phylogeographic mixing of 
the pathogen (Chow et al. 2018). On the other hand, clade V is composed of a single 
isolate obtained in Iran from a patient with otomycosis who reported never having 
traveled outside the country. This suggests that C. auris may have been introduced 
in that geographic region a long time ago, but it was not previously reported due to 
identification issues (Chow et al. 2019). To the present date, all analyzed isolates 

Fig. 10.1 Worldwide distribution of the five Candida auris phylogenetic clades: clade I, red; clade 
II, blue; clade III, green; clade IV, yellow; clade V, black
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from different geographical origins have been integrated into any of the I–IV clades. 
However, no other isolate from clade V has been reported. It is relevant to mention 
that there is great diversity between clades, with differences of more than 200,000 
SNPs, while within each clade, the differences are less than 70 SNPs (Chow et al. 
2019; Lockhart et al. 2018; Muñoz et al. 2018). Clades I, III, and IV are related to 
invasive infections and exhibit more resistance to the three main types of antifungals 
(azoles, polyenes, and echinocandins). On the other hand, clades II and V present a 
noninvasive clinical phenotype linked to otic infections and low antifungal resis-
tance (Chow et al. 2020; Sekizuka et al. 2019; Welsh et al. 2019). Thus, C. auris 
population structure demonstrates that the emergence of different clonal yeast pop-
ulations occurred independently and almost simultaneously on three continents, 
Asia, Africa, and the Americas, ruling out the idea of a single-source spread (Chow 
et al. 2020; Lockhart et al. 2018). It also indicates that clonal isolates are distributed 
over long distances within countries and continents.

Currently, C. auris has been reported as the causative agent of infections or noso-
comial outbreaks in more than 40 countries, including the United Arab Emirates, 
Australia, Austria, Belgium, Bangladesh, Canada, Switzerland, Chile, China, 
Colombia, Costa Rica, Germany, Egypt, Spain, France, the United Kingdom, 
Greece, India, Iran, Israel, Italy, Japan, Kenya, Kuwait, Lebanon, Malaysia, Mexico, 
the Netherlands, Norway, Oman, Pakistan, Panama, Peru, Poland, Russia, Saudi 
Arabia, Singapore, South Africa, South Korea, Sudan, Thailand, Turkey, the United 
States, and Venezuela (Fig. 10.2) (Ademe and Girma 2020; Allaw et al. 2021; Ayala- 
Gaytán et al. 2021; Chowdhary et al. 2017; Du et al. 2020; Hata et al. 2020; Kurt 

Fig. 10.2 Countries that have reported Candida auris isolates during the period 2009–2021
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et al. 2021; Villanueva-Lozano et al. 2021). However, the distribution of C. auris 
might be even broader than what is currently known because, possibly, the yeast has 
not been correctly identified in some countries.

The causes of C. auris global expansion have not been clearly defined yet. It is 
speculated that selective pressures exerted by the increasing use of antifungals or 
the environment caused the recent adaptation of some characteristic features (osmo-
tolerance, thermotolerance, antifungal resistance, cellular aggregation) to allow its 
expansion into new niches (Clancy and Nguyen 2017; Satoh et al. 2009).

10.5  The Origin of C. auris

The almost simultaneous way C. auris emerged in Asia, Africa, and America and its 
expanding speed to several countries generated uncertainty about its origin. It was 
initially suggested that the contributing factor to the emergence of C. auris was the 
excessive and indiscriminate use of antifungals, particularly azoles in the agricul-
tural sector (Chowdhary et  al. 2017; Cortegiani et  al. 2019; Martin et  al. 2020). 
However, while this may partially explain the emergence of new pathogenic micro-
organisms, it does not justify how the yeast expanded. Therefore, other hypotheses 
have been formulated proposing other factors may be involved, like some elements 
related to healthcare, changes in the behavior of both humans and the fungus, and 
climate change (Casadevall et al. 2019; Jackson et al. 2019; Misseri et al. 2019). 
Evidently, the spread of C. auris in healthcare settings is favored by its ability to 
colonize the human skin and contaminate surfaces persistently, its tolerance to many 
disinfecting agents used in hospitals, and the growing demand for intensive care 
unit services for diverse reasons. However, this does not explain the speed at which 
C. auris isolates, especially from clades I–III, spread throughout the world. Another 
hypothesis on the origin and expansion of C. auris poses that this fungus has always 
been present, with all its pathogenic potential, in some specific biogeographical 
niche (e.g., a plant, an insect, water) (Jackson et al. 2019). Although its ecological 
niche is currently unknown, it is assumed that humans had little contact with it 
(Steffen et al. 2015; Jackson et al. 2019). Nonetheless, human activities altering the 
environmental balance in ecosystems, such as deforestation and the expansion of 
agricultural land, modified or invaded this niche leading to greater contact between 
man and yeast. Consequently, the likelihood of fungal colonization in humans 
increased. Humans then introduced the fungus to the healthcare environment, which 
subsequently spread to vulnerable populations in different regions through interna-
tional travel (Jackson et al. 2019; Steffen et al. 2015). It is thought that if water is 
C. auris habitat, then some fish farming activities, such as the practice of stabilizing 
pond microbiota adding yeast probiotics, increased the density of rare fungal com-
munities, including C. auris (Hai 2015; Jackson et al. 2019). At the same time, the 
abundance of the fungus facilitated its contact with humans. Another hypothetical 
idea is that C. auris has been part of the mycobiota of relatively isolated human 
populations and that international travels increased contact with the rest of people, 
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thus introducing the fungus to different world regions (Jackson et al. 2019). It has 
also been suggested that C. auris was a commensal yeast in the ear canal or some 
other human organ. The excessive use of antibiotics possibly generated a selective 
pressure that led to antifungal resistance and fungal adaptation to colonize other 
body parts, such as the skin, causing infection (Jackson et al. 2019). Finally, one of 
the most recent theories about the emergence of C. auris involves climate change 
(Casadevall et al. 2019, Casadevall et al. 2021; Misseri et al. 2019). As the average 
global temperature increases, a reduction in the gap between the environmental 
temperature and the body temperature of mammals is expected, causing new patho-
genic fungi to appear (Garcia-Solache and Casadevall 2010). All these hypotheses 
provide information that will allow us to determine the possibly multifactorial ori-
gin of C. auris, which will lead to establishing the most appropriate measures to 
prevent the spread of this pathogen.

10.6  The Emergency of C. auris and Climate Change

None of the hypotheses put forward to explain the independent or simultaneous 
emergence of C. auris on three continents with genetically distinct clades have been 
yet proven. It was recently postulated that global warming is a crucial factor, though 
not the only, in the emergence of C. auris (Casadevall et al. 2019). Mammals are 
typically known to present resistance to invasive fungal diseases through their 
immune system’s advanced mechanisms and high basal temperatures, which create 
a zone of thermal restriction (Casadevall 2012). However, it has been predicted that, 
with the imminent climate change, global warming will cause a reduction in the 
gradient between the environmental and basal temperatures of mammals, confer-
ring fungi the ability to break through the mammalian thermal restriction zone and 
consequently greater pathogenicity (Garcia-Solache and Casadevall 2010; 
Casadevall et  al. 2021). In addition, the ambient temperature increase can exert 
selective pressure on some fungi to acquire greater temperature tolerance (de Crecy 
et al. 2009; Robert et al. 2015). It has been observed that urban fungi tend to develop 
more tolerance to high soil and air temperatures compared to rural fungi (McClean 
et al. 2005). Therefore, urbanization may play a relevant role in the thermal adapta-
tion of fungi. Based on the ability of various fungi to adapt to warmer temperatures, 
it was hypothesized that global warming would bring new fungal diseases (Garcia- 
Solache and Casadevall 2010) and new fungal pathogens, such as C. auris 
(Casadevall et al. 2019). There is evidence that proves the influence of global warm-
ing on the emergence of C. auris induced by anthropogenic activities. Evidence 
supporting this hypothesis is the higher thermotolerance of C. auris, which was 
demonstrated by growing in a wide temperature range from 25 up to 42 °C. Closely 
related species of the C. haemulonii complex only grow up to 37 °C, except for 
some C. duobushaemulonii isolates which can grow up to 40 °C (Casadevall et al. 
2019). It is fitting to mention that, interestingly, the only species that exhibited a 
similar tolerance to temperature to C. auris was C. ruelliae. The latter is a new 
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environmental species isolated, in 2008, from flowers of the genus Ruellia within 
the family Acanthaceae, which is genetically related to the C. haemulonii species 
complex, sharing more than 80% of the genome (Casadevall et al. 2019; Puja and 
Prasad 2008) (Table 10.2).

On the other hand, C. auris was first isolated from the human ear, a cold body 
region, suggesting that the fungus possibly went through an adaptation period to 
higher temperatures before being associated with diseases (Kim et al. 2019). During 
such a period, it began to colonize larger areas like the skin. Furthermore, the fact 
that C. auris colonize cold body regions, coupled with its inability to grow in the 
absence of free oxygen, suggests that this fungus had an environmental origin. 
Several factors, including the overexpression of the 90  kDa heat-shock protein 
(Hsp90), favored not only its peculiar thermal tolerance but also its virulence, resis-
tance to multiple antifungals, and tolerance to high salt concentrations (Kim et al. 
2019). C. auris probably existed as a saprophyte in wetlands in the environment, 
where temperature fluctuations caused by global warming prompt it to adapt to 
warmer temperatures and higher salinity (Casadevall et  al. 2019; Osland et  al. 
2018). Consequently, the community or biomass of C. auris yeasts increased in 
these ecological niches. An event that supports the idea that C. auris emerged from 
wetlands is that the geographic regions where the first isolations were reported 
included wetland ecosystems affected by global warming (Casadevall et al. 2019; 
Osland et al. 2018). Also, the idea that wetlands are C. auris ecological niche was 
recently reinforced when the yeast was isolated from samples taken from a sandy 
beach and a marsh (Arora et al. 2021). These were virgin areas inhabited by seabirds 
with no human activity, located around the Andaman Islands in the Indian Ocean. 
At the genetic level, these environmental isolates have a similar genome to that of 
the South Asian isolates; that is, they pertain to clade I (Arora et  al. 2021). For 
C. auris to turn from a wetland fungus to a human pathogen, it is believed that some 
of the genes associated with virulence were transferred by plasmids from other 
Candida species that share the ecological niche and have intrinsic pathogenic poten-
tial, for example, C. albicans (Chatterjee et al. 2015; Stone et al. 2012). Interestingly, 
of the two C. auris isolates recovered from marine ecosystems, one was isolated 
along with C. parapsilosis yeasts and presented multiresistance to the antifungals. 
The other isolate was obtained along with Trichosporon asahii and resulted in being 
multisensitive and less temperature tolerant, as it grew more slowly at 37 and 42 °C 

Table 10.2 Thermotolerance in C. auris and phylogenetically related species

Species
Temperature (°C)

Source25 30 35 37 40 42 45

Candida auris X X X X X X Human ear
Candida haemulonis X X X X Foot ulcer
Candida duobushaemulonii X X X X X Foot ulcer
Candida vulturna X X X X Flowers
Candida ruelliae X X X X X X Flowers
Candida heveicola X X X X X Soil

The table includes data from Casadevall et al. (2019)
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than the multiresistant environmental isolate (Arora et al. 2021). It is speculated that 
another way by which C. auris may have acquired antifungal resistance is through 
mutations induced by increased ultraviolet radiation associated with climate change 
(Casadevall et  al. 2019). It is also believed that birds with a body temperature 
between 41 and 42 °C could act as reservoirs from which the yeast leaped to humans 
and became infectious (Casadevall et  al. 2019). For example, seabirds, such as 
seagulls, can act as reservoirs for the indirect transmission of multidrug-resistant 
Candida species to human hosts, as reported with C. glabrata (Al-Yasiri et al. 2016; 
Casadevall et al. 2019). However, this leap from animal to human may not be the 
only event involved in its evolution as a human pathogen, as it is feasible that global 
warming also affected the host (Casadevall et al. 2019).

Another fact supporting the theory that global warming is involved in the emer-
gence of C. auris as a pathogen is that the first identified cases of infection occurred 
between 1996 and 2009. Before 1996, no other isolates of this species have been 
found, although extensive collections of clinical yeast isolates have been retrospec-
tively analyzed (Chowdhary et  al. 2017). This evidence is relevant because the 
National Centers for Environmental Information (NCEI) have classified  2009 as 
one of the ten hottest years in global history. It is also worth mentioning that 1998, 
a year close to the first records of C. auris in South Korea and Japan, is within the 
list of years when the global temperature rose. Incidentally, as of 2009, cases of 
infection by C. auris began to be reported more frequently in different parts of the 
world, and in this period, eight of the ten hottest years were recorded. In descending 
order, these years are 2019, 2015, 2017, 2018, 2014, 2010, 2013, and 2009. Hence, 

Fig. 10.3 Relationship between the temperature increase on Earth and Candida auris expansion 
in the world. The three hottest years in history are in red
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there is a coincidence between the increased temperature on Earth and C. auris 
expansion worldwide (Fig. 10.3).

However, although there is sufficient evidence of the global warming involve-
ment in the emergence of C. auris as a human pathogen, this variable does not 
explain the spontaneous appearance of four C. auris clades in geographically distant 
regions. Therefore, to have a better understanding of the origin and ecology of this 
fungus, as well as the interaction with humans, it is essential to consider other epi-
demiological variables, such as migrations and international travels, which may 
have contributed to its dispersion, persistence, and acquisition of antifungal resis-
tance (Casadevall et al. 2019, 2021; Misseri et al. 2019).

10.7  Conclusion

Global warming is one of the main components of climate change, associated with 
anthropogenic activities, which significantly impact infectious diseases since it 
alters biodiversity and favors transmitting new pathogens to humans. To the present 
date, none of the hypotheses about the origin of C. auris has been verified. However, 
several pieces of evidence have been gathered showing that global warming is a key 
factor in the emergence of this yeast, which currently represents a global public 
health problem. Therefore, governments must take relevant actions to impact the 
causes that contribute to climate change and prevent the appearance of new 
pathogens.
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11.1  Introduction: General Characteristics 
of Cryptococcosis and Etiology

Cryptococcosis is a systemic mycosis caused by yeasts of the C. neoformans/C. gat-
tii complexes. It is a globally distributed disease which impact increased with 
the AIDS epidemic. Before that, it was considered an infrequent pathology. 
Today, the number of cases is rising in some countries and decreasing in others, 
the latter due to antiretroviral therapy and the disease’s established association 
with immunocompromised patients. Less frequently, it has also been reported in 
immunocompetent patients (Arenas 2011; Chen et  al. 2014; Maziarz and 
Perfect 2016).

According to the World Health Organization (WHO) in 2020, 37.6 million people 
suffered from HIV/AIDS globally (World Health Organization 2020, available at: 
https://www.who.int/news- room/fact- sheets/detail/hiv- aids), being cryptococcosis the 
most frequent mycosis found in AIDS patients. It is estimated that 80–90% of global 
cryptococcosis cases are attributed to this group of patients, and 5–10% to individuals 
with a CD4+ count below 100 cells/mm3 (Maziarz and Perfect 2016). In studies con-
ducted by Rajasingham and collaborators, the number of cryptococcal meningitis inci-
dents was re-estimated to be 223,100 cases, with 181,100 yearly deaths in 2014. 
Although this study represents a great leap forward in determining the number of 
cryptococcal meningitis incidents worldwide, these figures could still underestimate 
the actual number of cases (Bongomin et al. 2017; Rajasingham et al. 2017).

Cryptococcosis is more frequent in men than in women, with a ratio of 4:1 in the 
age range from 20 to 50 years old. C. neoformans species are responsible for the 
majority of cryptococcosis cases in immunosuppressed patients, while C. gattii spe-
cies are associated with infections of individuals without immunologic alterations. 
The principal infection mechanism is airborne; the infection then spreads from the 
lungs into different organs and tissues, principally toward the central nervous sys-
tem. Clinical diagnosis is difficult, since clinical manifestations depend on the char-
acteristics of the studied population group, e.g., age, immunologic state, and site of 
infection (Arenas 2011; Maziarz and Perfect 2016).

Species of the C. neoformans/C. gattii complex live like saprophytes in the envi-
ronment. Yeast from C. neoformans species has been isolated from soil, trees, water, 
arthropods, and avian and mammal excrement, while those of C. gattii species have 
been collected from soil and trees (Cogliati 2013). Generally, the reproduction is 
asexual through gemmation giving rise to blastoconidia; however, in adverse condi-
tions where there is little access to nutrients, the reproduction could be sexual, pro-
ducing filaments, basidia, and basidiospores (Velagapudi et  al. 2009). In the 
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laboratory, it has been corroborated that tiny blastoconidia and basidiospores are 
released into the air and can infect humans and other animals through the respira-
tory tract (Maziarz and Perfect 2016). Nevertheless, in natural conditions, the sexual 
forms have not been observed, and therefore, at the moment, the yeasts are consid-
ered to be the infectious forms.

Since 2015, seven species have been recognized as belonging to the 
C. neoformans/C. gattii complex (Table 11.1) (Hagen et al. 2015).

Based on the composition of the capsule, four principal serotypes have been 
described: A, B, C, and D. There are also three hybrid serotypes, a result of the cross 
between the two principal serotypes (Samarasinghe and Xu 2018).

Four molecular types have been identified for C. neoformans: VNI, VNII, VNIII, 
and VNIV (Meyer et al. 2009), while for C. gattii, five types have been identified: 
VGI, VGII, VGIII, VGIV, and VGV (Farrer et al. 2019; Meyer et al. 2009).

Although the hosts most susceptible to cryptococcosis are immunosuppressed 
patients, the genotypes belonging to the molecular types VGI and VGII can also 
infect immunocompetent individuals, acting as primary pathogens (Chen et  al. 
2014; Diaz 2020).

11.2  Climate Change, Global Warming, 
and Geographic Distribution

Climate change has existed since the beginning of history. The changes have often 
been gradual, but sometimes abrupt, and have had many different causes like 
changes in orbital parameters, variations in solar radiation, periods of intense 

Table 11.1 Concordance between molecular typifications used for C. neoformans/C. gattii. The 
eight genotype groups are highlighted, seven of which are recognized as species

Serotype
Technique and author

Groups recognized as speciesFP o RFLP (Meyer) AFLP (Boekhout)

A VNI AFLP1 1 C. neoformans

A VNII AFLP1a/AFLP1b
AD VNIII (VNI x VNIV) AFLP3 Hybrid
D VNIV AFLP2 2 C. deneoformans

B VGI AFLP4a/AFLP4b 3 C. gattii

B VGII AFLP6 4 C. deuterogattii

C VGIII AFLP5a/AFLP5b/AFLP5c 5 C. bacillisporus

B VGIV AFLP10 6 C. decagattii

C VGIV AFLP7 7 C. tetragattii

DB VNIV x VGI AFLP8 Hybrid
AB VNI x VGI AFLP9 Hybrid
AB VNI x VGII AFLP11 Hybrid

FP fingerprinting, RFLP restriction fragment length polymorphism, AFLP amplified fragment 
length polymorphism
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volcanic activity, biotic processes, or meteorite impacts. Today, global warming is a 
currently ongoing climate change that implies an increase in temperature in the air 
and water surface of our planet, caused predominantly by human activities.

Global warming was identified decades ago and has triggered changes in physi-
cal systems, leading scientists to predict that the current and future ecological impli-
cations will have innumerable consequences for various sectors of the global 
population (Rosatti 2017).

Some hypotheses suggest that the behavior of certain pathogenic microor-
ganisms, among them fungi, will be altered by global warming. Some will dis-
appear, but others will be able to adapt to the rising temperature levels developing 
thermotolerance, thus increasing their potential as infectious agents (Raffa 
et al. 2012).

Another worrisome effect of these environmental variations are natural disasters 
that directly correlate with the appearance of infectious diseases, both from bacteria 
and fungi, posing various challenges to public healthcare (Benedict and Park 2014; 
Raffa et al. 2012). Although the role of global warming in the growth, distribution, 
and dispersion mechanisms of fungi and other microorganisms is not yet well estab-
lished, some mycosis like coccidioidomycosis (Cavicchioli et al. 2019) and crypto-
coccosis have been categorized as emergent infections due to environmental change 
(Raffa et al. 2012).

C. neoformans species are globally spread and there are more isolations of them, 
both clinical and natural, compared to C. gattii species. The ratio of isolations varies 
between continents; the VNI molecular variant appears to be the most common 
worldwide except in Australia and Papua New Guinea, where the most common 
variant is VGI (Cogliati 2013). This is consistent with clinical data indicating that 
more than 90% of cryptococcal infections are caused by C. neoformans species 
(LIFE 2021).

Among the species of the Cryptococcus complex, C. gattii species has seen more 
significant changes in global distribution due to climate change, suggesting that its 
ecological niche has extended geographically both in Europe and in other parts of 
the world (Cogliati 2021). A gradual expansion of its niche from its areas of origin 
has been revealed from 1980 to 2009, followed by an important increase of cases in 
the last decade (2010–2019). However, C. gattii species were not discovered until 
1970 in an isolation from an African child (Gatti and Eeckels 1970), and it was not 
until 1984 that, from a small sample, Kwon-Chung and Bennett concluded that the 
prevalence of C. gattii species were restricted to regions with tropical or subtropical 
climate. Lastly in 2010, Springer and Chaturvedi (2010) reviewed the existing lit-
erature about cases related to cryptococcosis caused by C. gattii species between 
1948 and 2008. They found that the distribution of C. gattii species also extended to 
temperate regions and that its geographic extension was thus significantly wider 
than previously believed, arguing that previous studies on the identification of the 
fungi and their distribution had been insufficient. In line with this analysis, the num-
ber of cases of cryptococcosis caused by C. gattii species in the coming decade 
could increase, not only due to global warming but also for the ease of adaptation of 
these yeasts to new and different climates.
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Based on clinical and natural isolations of C. gattii species in various parts of 
the world, it was assumed that these fungi were limited to tropical and subtropi-
cal climates (Chang and Chen 2015). Recently, there have been reports of cases 
where C. gattii species have infected immunocompetent hosts in temperate 
regions. It has been suggested that C. gattii species could reach more temperate 
regions via importation of agricultural products (including trees and livestock), 
propagation of infectious particles on the wind, and transportation through 
humans or other animals, or even due to natural phenomenon such as tsunamis, 
hurricanes, or earthquakes. However, the establishment, geographic expansion, 
and successful survival of C. gattii species in these territories have been directly 
attributed to changes in its ecological niches caused by global warming. The 
rising number of cases of cryptococcosis and isolation of C. gattii species in 
temperate regions is a cause for real concern, since certain molecular types 
(VGI and VGII), of particularly high virulence, can infect immunocompetent 
individuals (Cogliati 2021).

11.3  The Impact of Environmental Factors on the Growth 
and Development of Cryptococcus in Nature

11.3.1  Biotic Factors

Climate global changes affect nonliving and living components of the ecosystem. 
The nonliving components (abiotic factors) such as water, sunlight, temperature, 
oxygen, soil, and air interact with the living components (biotic factors). As both 
components are correlated, they will continue to be modified as the climate changes.

Biotic drivers include interactions with competitors, consumers, mutualists, and 
facilitators that influence the movement and establishment or extinction of popula-
tions (Morris et al. 2020). In recent years, it has been notable the increasing and/or 
emergence of pathogens as a result of climate change (El-Sayed and Kamel 2020). 
However, the relationship between Cryptococcus spp. with other microorganisms in 
the environment is not well understood. It is hypothesized that the establishment of 
ecological relationships with other microorganisms, birds, and certain species of 
trees is involved in the evolutionary processes of the yeast including the develop-
ment of its pathogenesis.

 Interactions with Plants

Ecology studies of the C. neoformans and C. gattii complexes have shown that these 
two groups can develop in distinct natural environments. C. gattii species have been 
isolated from different vegetal substrates like wood, dry leaves, and flowers and 
specifically from trunk cavities, in over 50 species of angiosperm and gymnosperm 
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trees (Chaturvedi and Chaturvedi 2011; Schmertmann et  al. 2019; Springer and 
Chaturvedi 2010).

Even then, the relationship between C. gattii species and eucalyptus trees is not 
exclusive (Fortes et al. 2001); in fact, isolations of C. gattii species in eucalyptus 
outside Australia are quite rare (Springer and Chaturvedi 2010). Moreover, various 
authors report isolations of these yeasts in endemic or common tree species in loca-
tions where samples have been taken (Acheson et al. 2018), e.g., on the island of 
Vancouver, Canada (Kidd et al. 2007; MacDougall et al. 2007), in India (Randhawa 
et al. 2006), in the Mediterranean Sea (Cogliati et al. 2016), in Brazil (Dos Santos 
et al. 2019), in Colombia (Angarita et al. 2019), and in other Latin American coun-
tries (Firacative et al. 2018).

C. gattii species can be isolated from forest areas, an ecological niche that might 
be suffering changes due to the effects of global warming. Deforestation due to soil 
exploitation leads to evapotranspiration reduction, increasing the flow of warm air 
from the soil into the atmosphere, triggering a feedback loop where reduced humid-
ity causes less precipitation which increases the ambient temperature (Williams and 
Newbold 2019). We hypothesize that all these variables can affect the establishment 
of the yeast, forcing them to adapt or modify its survival factors in order to resist the 
new environmental conditions.

Similarly, C. neoformans species have also been isolated from bark and leaves 
from various species of trees (Angarita et al. 2019; Girish et al. 2010; Reimão et al. 
2007). This suggests that this group of species could also see changes in its geo-
graphic distribution, as discussed above, for C. gattii species. However, these isola-
tions are primarily associated with natural sources rich in nitrogen, such as soil 
contaminated with avian excrements (González et al. 2010; Reiss et al. 2012).

 Interactions with Birds

A clear environmental connection is observed between C. neoformans species and 
various avian groups such as Passeriformes, Anseriformes, Accipitriformes, 
Apterygiformes, Psittaciformes, and Columbiformes (Johnston et al. 2016). Due to 
repeated isolations of these yeasts, it was documented how they can develop abun-
dantly in places with great accumulation of guano, particularly in nests protected 
from direct sunlight (Malik et al. 2003).

The effects of regional climate changes cause variation in the migratory patterns 
and routes of certain avian species (Delmore et  al. 2020). We assume that new 
migratory routes will directly impact the reproduction and natural selection, leading 
to the extinction or excessive growth of bird populations, inducing changes in the 
distribution of C. neoformans species; therefore, the proliferation of birds (with 
probable establishment of temporary nests along the routes) also suggests success-
ful establishment of Cryptococcus spp. in other geographic areas (Amirrajab et al. 
2016) where previously the yeast did not seem to be prevalent.

Although C. neoformans species have been found attached to feet and beaks of 
birds, the birds are not susceptible to the fungus, leading to the notion that the 

E. Sánchez Paredes et al.



187

gastrointestinal tract of birds such as doves may have fungicidal activity (Mayer and 
Kronstad 2019). Together with the high corporal temperature (40–42 °C) of doves, 
these factors probably allow their macrophages to efficiently act against the yeasts 
(Johnston et al. 2016). More research is needed in this area to further clarify the role 
and interaction of avian microbiota in cryptococcosis.

 Interaction with Other Microorganisms in Natural Habitats

It is evident that C. neoformans and C. gattii species coexist and interact with hun-
dreds of microscopic organisms that share the same living spaces, particularly in 
tree cavities. These cavities are injuries or holes in the internal bark of the trees, 
originally caused by animals or fallen branches (Wiebe et al. 2020). They allow the 
formation of microhabitats where communities of saproxylic insects cohabit with 
various microorganisms (Sánchez-Galván et al. 2017). In vitro studies with C. neo-
formans species and ambiental bacteria like Bacillus safensis and Acinetobacter 
baumannii have shown that these bacteria can induce the formation of titan cells 
(cryptococcal cells of huge size and clinical relevance since they are refractory to 
phagocytosis) and the production of melanin, which can confer an advantage to the 
yeast in surviving adverse environmental conditions and also contribute to its patho-
genicity (Mayer and Kronstad 2019). Also, C. neoformans species are unable to 
grow on cellulose or lignin, and the joint activities of other microorganisms may be 
required in order to release this source of carbon (Watkins et al. 2017).

11.3.2  Abiotic Factors

In addition to interactions with different organisms, other environmental elements 
from regions where these yeasts were isolated can also influence their development. 
There are hypotheses that seek to explain how the principal virulence factors of 
Cryptococcus spp. and other fungi developed through adaptation and evolutionary 
modifications needed to survive in new environments, and how, curiously enough, 
these adaptations have also turned them into a pathogenic organism (Perfect 2006).

 Temperature

There is evidence that mammal resistance to fungal infections is due from both the 
development of their immune system and their base corporal temperature. In the 
case of Cryptococcus spp., the acquisition of thermotolerance presumably increased 
its potential to become a pathogen. One such case is Cryptococcus laurentii, which 
normally does not grow at 37 °C, but where thermotolerant strains are increasingly 
associated with diseases in severely immunosuppressed patients (Castro-Lainez 
et al. 2019).
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The C. neoformans/C. gattii complex within the Tremellales family can grow in 
temperatures up to 37 °C (Perfect 2006). Thermotolerance has been a big step in the 
evolution of pathogenesis of these species, given that the ability to tolerate high 
environmental temperatures could be related to a greater capacity to grow in 
mammal- like temperatures (Garcia and Casadevall 2010).

 Wind

In 2017, Acheson et al. (2018) suggested that deforestation might be related to a 
higher quantity of basidiospores of Cryptococcus in the air. The basidiospores 
produced by the sexual phase of C. neoformans (Filobasidiella neoformans) and 
C. gattii (Filobasidiella bacillisporus) (Kwon-Chung 1976) are apparently dis-
persed by the wind, similar to what happens with the spores of other basidiomy-
cetes. The sexual reproduction of these species, as well as their mechanism of 
dispersion, has only been observed in laboratory conditions. Nonetheless, it is 
probable that this process also occurs in nature, where the basidiospores together 
with the desiccated yeasts would function like infective propagules for cryptococ-
cosis when inhaled and deposited in the alveoli of the host (Springer et al. 2013; 
Velagapudi et al. 2009).

Given its potential as a pathogen, knowing the quantity of spores in the air would 
be of great importance to establish a relationship between the infection and the size 
of the inhaled inoculum. Studies performed on the coasts of Vancouver showed that 
the quantity of basidiospores of C. gattii species in the air was higher in the warmest 
and driest months and lower during wintertime after precipitation (Kidd et al. 2007).

Increased tolerance to oxidative stress, high temperatures, chemical damage, and 
desiccation are important factors to consider as resistance structures of Cryptococcus 
spp., given that in some ways they affect the germination, viability, and dispersion 
of the spores of these species (Botts and Hull 2010).

11.4  Exotic Species and Cryptococcosis Outbreaks

Twentieth-century outbreaks of cryptococcosis caused by C. gattii species have been 
related, one way or another, with exotic species not normally present in the area of the 
outbreak. In 1998, Baró et al. (1998) described various outbreaks of cryptococcosis 
caused by C. gattii species in the Spanish province of Cáceres. Herds of goats affected 
by this disease displayed symptoms of pulmonary cryptococcosis with neurologic 
impact, causing the death of hundreds of animals. In the affected grazing fields, it was 
observed the presence of eucalyptus trees, an exotic species that was introduced to 
these areas in the 1950s intended for reforestation; however, even after sampling 
plants and soil in these zones, no yeast capsules were detected.

According to the Food and Agriculture Organization (FAO) of the United 
Nations, eucalyptus was, in 1981 (http://www.fao.org/3/ac459s/ac459s.pdf), 

E. Sánchez Paredes et al.

http://www.fao.org/3/ac459s/ac459s.pdf


189

expected to be one of the most commonly used trees used for reforestation. Perhaps 
due to this, great numbers of eucalyptus trees were distributed and replanted in 
countries like India, Brazil, Spain, and even Canada; these trees, originally from 
Australia, were replanted in new habitats and exposed to new living creatures. In 
2007, after the outbreak of cryptococcosis on the island of Vancouver, Kidd et al. 
(2007) intended to evaluate the relationship between Cryptococcus spp. and euca-
lyptus trees planted in the forests of Vancouver. After sampling a great quantity and 
variety of vegetal species, it was only possible to isolate C. gattii species in 10% of 
the samples in over ten species of trees in this study, insufficient to prove a relation-
ship between the two.

In 2006, various authors, among them Torres-Rodríguez et al. (2006), listed vari-
ous types of mammals, birds, and reptiles where disease-causing species of both 
C. neoformans and C. gattii had been isolated. The forced introduction of exotic 
animals in cities, in many cases as a result of illegal hunting, long transportations, 
and inadequate conditions, may influence their health and immune system. 
Moreover, the diminution or destruction of their natural habitats results in forced 
migrations and adaptations for many species, including the microbiota which needs 
to adapt to new hosts and new environments.

11.5  Virulence and Survival Factors of Cryptococcus Species 
Facing Climate Change

By its very survival factors, this encapsulated fungus can induce disease in different 
hosts. Among these factors are the capsule, melanin production, and various 
enzymes that degrade many types of proteins. It is beyond question that they confer 
Cryptococcus spp. the capacity to survive, both outside and inside of infected indi-
viduals. Trees, soil, nests and bird droppings, seawater, fruit juice (Gatti and Eeckels 
1970), cerebrospinal fluid, blood, the skin, and the bone marrow are just a few 
examples of the various environments in which it has been possible to isolate 
Cryptococcus. These yeasts are able to survive arid, temperate, and warm environ-
ments, elevated concentrations of salt, acidic pH, suspension in liquid mediums, and 
acid rain and even tolerate the toxicity of heavy metals. All these evolutionary suc-
cesses are climate change adaptations or survival factors of Cryptococcus (Fig. 11.1).

11.5.1  The Capsule

One of the most important pathogenic factors of this yeast is the polysaccharide cap-
sule that surrounds it (Fig. 11.2). The capsule consists mainly of xylose, mannose, and 
glucuronide acid, a quite particular combination that distinguishes it from other clini-
cally interesting fungi. Pioneering studies of Cryptococcus spp. have shown that 
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strains without the genes that intervene in the synthesis of the capsule became aviru-
lent and incapable of infecting laboratory mice (Chang and Kwon- Chung 1994).

Casadevall et  al. (2019) describe a marked difference in capsule size when 
Cryptococcus grows in environments with or without oxidative stress, with larger 
sizes when under such stress.

Fig. 11.2 Yeast capsules of C. gattii species observed with Indian ink contrast

Fig. 11.1 Climate change survival factors of Cryptococcus spp.: The capsule, the production of 
melanin, the capacity to float in liquids (buoyancy), the tolerance of different pH, the assimilation 
of heavy metals, survival in arid climates, and defending itself against natural predators are some 
of the factors that allow Cryptococcus spp. to adapt to and survive changes in the environment
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In nature, the capsule of the Cryptococcus complex protects it from desiccation 
and changes in osmolarity and temperature.

The capsule is also related to buoyancy or suspension in liquids. Numerous spe-
cies of Cryptococcus spp. have adapted and live in seawater. The constituents of the 
C. gattii and C. neoformans complexes possess an intrinsic mechanism to support 
cellular buoyancy, specifically its capacity to increase the capsule production, which 
diminishes the cellular density and supports buoyancy in salt water.

In 2018, Vij et al. (2018) evaluated the density of yeast-like cells with or without 
capsule and found differences in the strains’ densities. When the capsule was 
removed, by chemical or mechanical methods, it increased the C. neoformans cell 
density and reduced buoyancy. This survival factor is of great importance since it 
allows the cryptococcal cells to float in liquids, facilitating its transport. It has been 
shown that the strains of C. gattii species originating from the Pacific Northwest of 
the USA survive for at least 1 year in ocean water. Environmental studies performed 
immediately after the Vancouver outbreak in 1999 reported growth of Cryptococcus 
spp. in various oceanic samples taken from the island’s coastline. Furthermore, doz-
ens of infected cetaceans were found along the northwestern Pacific coastline, 
including that of Vancouver.

Infected pinnipedian animals have been documented in the region, which sug-
gests an ongoing contamination at great scale in the marine environment. 
Pathologically, nearly all marine mammal infections have been pulmonary, suggest-
ing infection via inhalation. As marine mammals breathe at the surface of the water, 
it is possible that C. gattii survives at the sea surface microlayer, as described for 
other Cryptococcus species, and is subsequently inhaled (Engelthaler and 
Casadevall 2019).

In the natural environment, the cryptococcal capsule avoids phagocytosis of the 
yeast from ambiental amoebas (Bunting et al. 1979). In 2021, Fu et al. (2021) did 
phenotype and genetic characterization of C. neoformans species colonies co- 
incubated with amoebas for 1 month. Yeasts that survived being exposed to this 
predator were more virulent. Although the exact mechanisms involved in this evo-
lutionary step are still unknown, it is evident that the forces of natural selection are 
at work for these organisms.

Similarly, but related to pathogenesis, the presence of the capsule confers protec-
tion from phagocytosis from the macrophages of an infected host’s immune system.

11.5.2  Melanin Production

C. neoformans/C. gattii complex produces a spotted, dark, almost black pigment 
called melanin, an important virulence factor (Fig.  11.3). Fungal melanins play 
multiple biological functions including photoprotection, energy harvest, and ther-
moregulation by readily absorbing and transducing electromagnetic radiation. 
Fungal melanins also function in free radical and metal binding; protection against 
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dehydration, chemical, and mechanical stressors; and fungal development and 
conidiation (Cordero and Casadevall 2017).

Global warming seems to favor melanin-rich species. As ultraviolet radiation 
penetrates the atmosphere more easily, it is expected that individuals with high 
concentration of this component will be able to resist the effects of climate 
change, giving Cryptococcus spp. an adaptability tool to endure UV radiation 
(Roulin 2014).

It is also worth considering that increasing melanin production might also 
take place due to changes in soil composition due to contamination and acid 
rain, which modify the concentration of heavy metals in the soil. In studies by 
Wang and Li (2019), it was shown that melanin production in bacteria of the 
Streptomyces genus was enhanced in the presence of metals like iron (Fe) and 
nickel (Ni). In 1996, Fogarty and Tobin (1996) showed the protective role of the 
melanin polymer in a diverse group of dematiaceous fungi when exposed to 
heavy metals.

On the other hand, high temperatures also regulate melanin synthesis. In 1992, 
Coyne and Al-Harthi (1992) showed that Vibrio cholerae, a bacterium highly toler-
ant to salt, promotes melanin synthesis at temperatures above 30 °C and in hyperos-
motic environments.

The increasing concentration of melanin is relevant due to its implication in the 
pathogenesis of infections. Specifically for Cryptococcus spp., a faster melanization 
increases virulence in experimental and human cryptococcosis, highlighting the 
importance of melanin production in the prevalence of the disease (van Rhijn and 
Bromley 2021).

Fig. 11.3 Melanized colonies of C. gattii (left) and C. neoformans (right) on Niger seed agar
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11.5.3  pH Tolerance

The Cryptococcus yeasts tolerate different ambiental pH levels. As previously men-
tioned, C. neoformans species have been isolated from various types of bird excre-
ment, most commonly from domestic doves (Columba livia). Global warming will 
impact the diversity of many species but probably not the domestic doves. They 
adapt very well to cities, eat a wide variety of foods, and survive in countries with 
different temperatures all over the world. C. neoformans frequently appear in 
domestic doves’ excrement, which also serves as a geographic propagation mecha-
nism as the birds release their feces into the environment in different locations.

Regarding the pH, by releasing their feces to the ground, domestic pigeons rein-
troduce cryptococcal cells into the environment (Soltani et  al. 2013). The bird 
excrements reduce the pH of the soil due to the presence of uric acid in the excre-
tions (Chae et al. 2012). The cryptococcal cells form capsules to protect themselves 
from these acid conditions. Thus, it is not surprising to find marked capsule forma-
tion in yeast isolations from environmental samples. The rate of growth is affected 
by changes in pH, and the ability of yeast to adapt to these changes is fundamental 
for survival in both the environment and inside its hosts.

Though cryptococcal cells often spread by hematogenous dissemination where 
the blood pH is neutral, they have also been discovered surviving inside phago-
somes and in bird intestines, where pH is generally acidic. Apparently, this acidic 
environment does not inhibit the growth of these cells, suggesting that the C. neo-
formans and C. gattii complexes are well adapted to variations in pH.

11.5.4  Capacity to Survive Exposure to Natural Predators

In 2019, Naranjo and Gabaldón (2019) identified amoebas as natural predators of 
various microorganisms, among them Cryptococcus spp. yeasts. In nature, both are 
found in environments with humid soil. The protozoans phagocytose the yeasts, 
which appear to be using the capsule as a defense mechanism. It seems that this 
strategy of survival has served Cryptococcus spp. well, since, by protecting itself 
from wild amoeba phagocytosis, it has also learned to evade phagocytosis by mac-
rophages of its host, as previously evidenced by the study by Fu et al. (2021).

Climate change has caused, and surely will continue to cause, the migration of 
living creatures to new habitats. This is also true for microorganisms. The increased 
temperature in rivers and lakes will lead to changes in the ambiental microbiota, 
among others for the free-living amoebas that can cause infrequent but lethal 
encephalitis in humans. In 2019, authors like Cooper et al. (2019) suggested that 
this rare disease caused by the Naegleria fowleri amoeba is spreading to new geog-
raphies due to an increase in ambient temperature.

Even today, the complete set of factors involved in the outbreak of cryptococcosis 
by the C. gattii species in Vancouver in 1999 is unknown. This event highlighted a 
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series of questions regarding how the microorganism passed from the environment to 
the host, particularly since it was an unexpected and inexplicable event where both 
animals and immunocompetent humans were infected. Various theories have been 
proposed to help explain the evolutionary leap taken by the yeast during this outbreak 
of cryptococcosis. In 2019, Engelthaler and Casadevall (2019) proposed that C. gattii 
species arrived to this cold-temperature habitat nearly 100 years earlier, when a tsu-
nami flooded the coasts of Vancouver in the early twentieth century, an event that may 
have helped C. gattii species establish itself in this region. How come the outbreak of 
cryptococcosis occurred nearly a century later and how did the yeast pass from envi-
ronment to host? This is an important and still unresolved question.

11.6  Factors that Increase Host Susceptibility 
to Cryptococcosis

11.6.1  Malnutrition

Climate change impacts the production, quality, and quantity of food. As an effect 
of this, in 2016 an estimated 529,000 deaths were associated with malnutrition 
(Springmann et al. 2016). In 2050, it is predicted a 3.2% reduction in the food avail-
ability per capita, with particular decreases in the consumption of fruit, vegetables, 
and red meat.

Of these deaths associated with malnutrition, a great majority are estimated to be 
caused by complications associated with infections. A poor diet low in micronutri-
ents restricts the proper development of lymphoid organs like the spleen, thymus, 
lymph nodes, and bone marrow, all of which are essential to the development and 
differentiation of the immune system cells, both innate and adaptive, generating 
cells with low immunogenic activity. Cells from the complement pathway, antigen- 
presenting cells, macrophages, and different subtypes of T- and B-lymphocytes are 
diminished and altered during nutritional deficits (França et al. 2009). There are few 
precedents indicating that malnutrition is a factor of predisposition for developing 
cryptococcosis. However, in malnourished patients who also have HIV, there is an 
increased predisposition to suffer opportunistic infections, as has been documented 
for cryptococcosis (Enwonwu 2006). Given the projected future restrictions in the 
availability of basic foods, the long-term outlook suggests an increased number of 
cases of cryptococcosis in this group of individuals.

11.6.2  Dehydration

Water quantity and quality have diminished globally due to rising temperature, 
change in precipitation, increased contamination, inability to purify bodies of water, 
and the reduced dissolution of oxygen, to mention a few factors. This scarcity 

E. Sánchez Paredes et al.



195

impacts the water consumed daily, as well as the water used to clean and disinfect 
foods, to clean surfaces, and for daily hygiene (UNESCO, UN-Water 2020).

The lack of water and hygienic measures brings with them various diseases, both 
organic and infectious. Being well hydrated keeps our organisms functioning prop-
erly, while dehydration causes renal, cardiovascular, neurological, gastrointestinal, 
metabolic, and respiratory diseases. In the lungs in particular, a reduction in bodily 
fluids causes changes in the production of surfactant, impacting normal cell func-
tions and preventing an adequate gas exchange. This results in constricted bronchi 
and airway obstruction, facilitating infectious processes (El-Sharkawy et al. 2015).

11.6.3  Stress

Global warming is an ongoing event that connotes the deterioration of the planet, 
something that concerns all humanity. There are myriad sources of information, 
from scientific publications to tabloids. This constant deluge of information together 
with the actual impact of climate change on society (increases in migration, extreme 
natural events, and food and water shortage, among others) has raised stress and 
depression levels, principally in the very young or very old populations, and indi-
viduals living in developing countries. Specifically, an increase in cases of posttrau-
matic stress has been seen in subjects that have survived natural disasters, alongside 
a similar increase in the number of hurricanes, fires, tornadoes, floods, and even heat 
waves (Cianconi et al. 2020).

There is scarce information regarding the possible connection between stress and 
fungal infections. Some authors have suggested that women with chronic stress suf-
fer increased vulvovaginal infections by Candida albicans, related to high levels of 
cortisol, though the molecular mechanism relating these two conditions has not 
been deeply investigated (Ehrström et al. 2005; Moshfeghy et al. 2020). For other 
fungi of medical importance like Cryptococcus, there are no direct antecedents; 
however, it is plausible that a similar mechanism may exist.

11.6.4  Ultraviolet Light

Ultraviolet (UV) light from solar radiation is vital to life on earth. The atmospheric 
“ozone layer” filters ultraviolet radiation (UVR) and only those called UV-A can 
penetrate the layer. Due to the depletion of atmospheric ozone, increased cloud 
cover, increased CO2 levels, increased temperature, and changed circulatory pat-
terns (Williamson et al. 2014), it has been estimated that by 2100 (Bais et al. 2011) 
UVR will increase in the tropics and decrease in the poles.

This increase in UVR affects human health, changing vitamin D levels which are 
regulated by solar exposition as well as particular characteristics of the immune 
defense system.
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It has been demonstrated that the immune defense system is suppressed if 
exposed to high levels of UVR, in both humans and animals, principally altering 
Th1 and Treg lymphocytes and antigen-producing cells (Sleijffers et  al. 2002; 
Swaminathan et al. 2014). These precedents allow us to suggest that immunity to 
the Cryptococcus complex might possibly also be affected by the increased expo-
sure to UVR.

The effects of UVR in depleting the innate and adaptive immune system response 
to both cryptococcosis itself and HIV, which is one of its major risk factors, will 
have repercussions in both the number of cases and in a more dire clinical picture 
for infected individuals, predicting a poor prognosis for both the disease itself and 
its associated comorbidities, among them HIV.

11.7  Conclusion

The adaptive capabilities of the Cryptococcus complex when faced with global 
warming are proven beyond doubt. This adaptation has been explained in this chap-
ter, analyzing the intrinsic physiological characteristics of these yeasts, which allow 
them to survive in different environments even in adverse or hostile conditions. The 
ecology and geographical distribution of Cryptococcus spp. have changed during 
these one and a half centuries of global warming, but the following events must be 
kept in mind:

• The etiologic agents have varied from 1894 to 2021, not from being new or emer-
gent species, but because the tools and techniques of identification and typifica-
tion have constantly improved. As a consequence, the ecology, physiology, and 
virulence factors of each of the seven species known today are distinct, explain-
ing the various epidemiological and clinical differences encountered in patients 
during the current period of global warming.

• The distribution of Cryptococcus spp. and cases of cryptococcosis can also vary 
with human activity and habits. The most recent proof of this can be seen with 
the appearance of AIDS on a global scale, which concomitantly raised the mor-
bidity and geographic distribution of cryptococcosis.

• Literature shows that the geographic distribution of cryptococcosis is not tied to 
a source of infection; that is, in various cases of cryptococcosis caused by a par-
ticular species, this very same species has not been possible to isolate from the 
surrounding environment – an inexplicable mystery.

To infect mammals, Cryptococcus spp. need to adapt to, among other things, 
drastic changes in temperature and extremely acidic environments, and must also 
develop alternative means of respiration in different concentrations of CO2. We can 
predict that with the ability to adapt to two different environments—inside and out-
side the host—the etiologic agents of cryptococcosis will be able to adapt to the 
projected changes in climate over the coming 30 years, with hot and dry summers, 
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winters with heavy downpours of rain, and mountains without snow cover. In such 
environments, the prediction is that in 30 years from now, the distribution of cryp-
tococcosis on our planet will be even wider than it is today. This slow, ongoing event 
requires commitment and action from governments, health authorities, and person-
nel to consistently and efficiently track the epidemiology of the C. neoformans/C. gat-
tii complex, and to take adequate measures enabling them to rapidly detect and 
contain future outbreaks of cryptococcosis.
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12.1  Introduction

The consumption of fossil fuels in anthropogenic activities has generated the release 
of large amounts of carbon dioxide (CO2) and other greenhouse gases, causing the 
retention of more heat in the lower layers of the atmosphere and, therefore, altering 
the climate on our planet (WHO 2021). The National Oceanic and Atmospheric 
Administration (NOAA) has recorded that the warmest years globally have been 
after 1998. This increase in temperature on Earth has been gradual, contributing to 
extreme weather and climate events with greater frequency and intensity. These 
phenomena, including extreme peak temperatures, heat waves, windstorms, hurri-
canes, high precipitation levels with associated floods, and scarce precipitation with 
droughts and wildfires, have led to natural disasters that impact humans and wildlife 
(Van Aalst 2006). It has been estimated that natural disasters, whether geophysical 
(earthquakes, volcanic eruptions, and tsunamis), hydrometeorological (floods, hur-
ricanes, and tornadoes), or geomorphological (landslides and avalanches), affect at 
least 160,000,000 people annually in their physical, biological, social, and eco-
nomic environment, in addition to the consequences for public health (Fig. 12.1) 
(Noji 2000, 2005a, b).

Hurricanes are one of the meteorological phenomena that have allowed us to wit-
ness the effect of climate change (Woodward and Samet 2018). In addition to altera-
tions of fungal ecology, major hurricanes can cause population displacement and 
unsanitary conditions that can increase the risk of fungal diseases (Kouadio et al. 
2012; Noji 2005a). Post-hurricane mycoses can be acquired through different path-
ways (inhalation, traumatic inoculation, near drowning) and can occur in both 
immunocompromised and immunocompetent people (Kontoyiannis et  al. 2019; 
Webb et al. 2013). Although mycoses are not the only or most critical health prob-
lem associated with hurricanes, health personnel in disaster areas must be aware of 
endemic and non- endemic fungal diseases to provide appropriate treatment 
promptly.

This chapter presents the close relationship between climate change, the occur-
rence of intense hurricanes, and post- hurricane fungal diseases.

E. García-Salazar et al.
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12.2  The Hurricanes

A hurricane, typhoon, cyclone, or willy-willy is a tropical storm formed by a warm, 
moist air mass with strong winds ≥74 mph (119 kilometers per hour) spiraling 
around a central area (Hidalgo and Baez 2019). Hurricanes generally occur during 
the hottest time of the year in the Atlantic and Pacific basins and the Indo/Australian, 
Australian/Pacific, and southwest Indian Ocean basins (Fig. 12.2).

Hurricanes are formed over the warm ocean waters, with a surface temperature 
of ≥26 °C providing the energy a storm needs to become a hurricane. When warm, 
moist air evaporates from the ocean’s surface, it rises rapidly and encounters cold 
air, causing it to condense. Condensation turns into storm clouds, and when the 
introduction of moist, warmer air into the storm clouds persists, a circular wind pat-
tern forms in the storm, called a hurricane, which spirals around the center of the 
storm (Hidalgo and Baez 2019). Hurricanes are classified into five categories, 
according to the Saffir-Simpson Hurricane Wind Scale: 1, winds of 74–95 mph; 2, 

Fig. 12.1 Destructive effect of hydrometeorological phenomena in Baja California Sur (BCS), 
Mexico, the state with the longest coastline in the country (Salazar Frías)

12 Climate Change, Hurricanes, and Fungal Diseases
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winds of 96–110 mph; 3, winds of 111–129 mph; 4, winds of 130–156 mph; and 5, 
winds ≥156 mph, being categories 4 and 5 the most catastrophic. However, Category 
1 hurricanes can also cause significant damage, depending on where they touch land 
(Simpson and Rielh 1981; www.nhc.noaa.gov/aboutsshs.shtml).

When a hurricane makes landfall, it pushes a wall of ocean water to the shore, 
called storm surge, reaching heights of more than 20 feet and covering the coast for 
hundreds of miles. Storm surges, along with the large waves and heavy rains char-
acteristic of hurricanes, can cause substantial flooding along the coast, threatening 
the lives of those living in these areas (Waddell et al. 2021).

12.3  Climate Change and Hurricanes

In general terms, the warmer the sea temperatures, the more thermal energy is avail-
able and the greater the chance of hurricanes developing. Therefore, as humans 
continue to release greenhouse gases that warm the planet, the likelihood of hurri-
cane activity increases.

Since 2012, the Intergovernmental Panel on Climate Change (IPCC 2012) con-
cluded that the frequency of Category 4 or 5 hurricanes, according to the Saffir- 
Simpson scale, is likely to double with global warming driven by greenhouse gas 
emissions from anthropogenic activities (Bender et  al. 2010). Global warming 

Fig. 12.2 Geographical locations of hurricane formation. Hurricanes generally form in the 
Atlantic (blue arrow) and the Pacific [Australia/Southwest (gray arrow) and Northwest (red and 
orange arrows)] basins, as well as the Indo/Australian (pink arrow) basin, and in the north (green 
arrow) and southwest (yellow arrow) of the Indian Ocean. The direction of the arrows indicates the 
typical path of hurricanes

E. García-Salazar et al.
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increases the ocean’s temperature, causing alterations in species migration, melting 
glaciers, and, consequently, the rise in sea level (Mimura 2013). Rising sea levels 
lead to more destructive storm surges during hurricanes, causing greater vulnerabil-
ity in the island and coastal communities. It has been estimated that in the following 
six decades, the number of people affected will increase almost eightfold (Neumann 
et al. 2015; Shultz et al. 2019).

Another factor contributing to changes in the frequency and intensity of hurri-
canes is the development of coastal cities, as this implies an increase in energy 
consumption based on fossil fuels and the emission of greenhouse gases, mainly 
CO2 (Nordhaus 2010).

In 2014, it was reported that most anthropogenic warming, generated by the 
gases and aerosols emissions of human activities, occurred in the last four decades 
(Holland and Bruyère 2014). The prior was related to the increase in Category 4 or 
5 hurricanes with concerning all hurricanes. Evidence of the latter is the increasing 
intensity of Atlantic hurricane seasons, which has changed from about 50 hurri-
canes on average per decade to 70 over the past two decades (Table 12.1).

More evidence on the wavering scenario of hurricanes enhanced by global warm-
ing and the sea level rise is the intense 2017 Atlantic basin hurricane season. This 
period stood out for the presence of ten hurricanes, four of them classified as 
Category ≥4, which had devastating effects on both material resources and human 
lives (Shultz et al. 2019). Interestingly, 2017 is the fourth warmest year on record, 
according to the National Centers for Environmental Information (NCEI).

The increase in the proportion of large-magnitude hurricanes due to global 
warming has been recorded in all ocean basins. However, it has been balanced with 
a similar decrease in Category 1 and Category 2 hurricanes (Holland and Bruyère 
2014). Although it is complex to establish trends in the amount and intensity of hur-
ricanes, NOAA data show an increase in the number of Atlantic hurricanes, particu-
larly Category ≥3 hurricanes, from 1970 to 2020 (Fig. 12.3). Moreover, the year 
2020 had a historical record of catastrophic hurricanes. According to NOAA, at 
least ten cyclones are expected to form in 2021, with five of them being potentially 
catastrophic.

It should be noted that the relationship between global warming and more intense 
hurricanes is not linear. Moreover, it is predicted that the increase in Category 4 or 
5 hurricanes will not continue at the same rate with future global warming. After an 

Table 12.1 Atlantic hurricanes recorded in recent decades

Decade Total number of Atlantic hurricanes Total number of category ≥4 hurricanes

1970–1979 49 8
1980–1989 52 10
1990–1999 63 13
2000–2009 74 23
2010–2019 72 18

Data obtained from the National Oceanic and Atmospheric Administration (http://www.aoml.
noaa.gov/hrd/tcfq/E17.html)

12 Climate Change, Hurricanes, and Fungal Diseases
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initial climate increase, a level of saturation of intense hurricanes will be reached, 
and any further global warming will have little effect (Holland and Bruyère 2014). 
However, it has been projected that climate changes will continue to increase the 
formation of hurricanes during the twenty-first century (Shultz et  al. 2019). 
Therefore, vulnerability to these hazards will also increase for populations in 
coastal areas.

12.4  Hurricanes and Fungal Diseases

More than one million species of fungi exist on Earth, but only a small percentage, 
0.02%, cause disease in humans (Garcia-Solache and Casadevall 2010). Many of 
the pathogenic fungi are found in the environment. Some are ubiquitous, such as 
Aspergillus spp., while others have habitats restricted to specific climatic condi-
tions, such as Coccidioides spp. (Kollath et al. 2019; Latgé and Chamilos 2019). 
The abundance and distribution of environmental fungi depend on factors such as 
temperature and humidity. Their presence in natural habitats can be altered due to 
environmental disturbances, which can be caused by human activities (excavations, 
constructions, among others) or by natural events of great magnitudes, such as hur-
ricanes (Hernandez and Martinez 2018). The development of more dangerous hur-
ricanes, with winds and storms of greater extents, can significantly impact at an 
economic and health level depending on their size, their intensity, and their location 
in terms of population density and proximity to the coast (Dinan 2017). An example 

Fig. 12.3 Frequency of hurricanes in the period 1970–2020
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of this is Hurricane Katrina, Category 5 on the Saffir-Simpson scale, which was 
recorded in the United States as one of the most devastating in history, causing the 
death of more than 1000 people and leaving damage estimated at $ 170,000,000,000 
(Waddell et al. 2021). Within the health scope, hurricanes can lead to diseases, such 
as those caused by fungi (Benedict and Park 2014). While fungal diseases are not 
the main adverse health event after a hurricane, there is a growing evidence on the 
possibility of fungal proliferation and fungal diseases associated with these weather 
phenomena (Benedict and Park 2014). Large floods and strong winds during intense 
hurricanes can alter the growth, distribution, and dispersion of fungi in the environ-
ment (Garcia-Solache and Casadevall 2010; Benedict and Park 2014). Fungi can be 
displaced from their habitats, many of them with pathogenic potential, causing them 
to appear in areas where they were not common (Sood et al. 2018). Likewise, in 
areas where the fungus was already present, the fungal load may increase (Barbeau 
et al. 2010; Schieffelin et al. 2013; Sood et al. 2018). A higher, or a broader geo-
graphically widespread, fungal load facilitates contact between fungi and people 
affected by hurricanes, causing disease (Barbeau et al. 2010). In some cases, contact 
with fungi has not caused disease, but colonization by clinically relevant agents, 
such as Syncephalastrum, has been observed (Rao et  al. 2007a). Furthermore, it 
should be noted that during a hurricane, like in any other natural disaster, the host 
susceptibility to pathogens can change as people can suffer traumatic injuries dur-
ing evacuation or cleaning activities afterward, and these injuries can be the route of 
entry for fungi (Garcia-Solache and Casadevall 2010; Panackal et al. 2010). Other 
entry routes may be inhalation or aspiration of water in near-drowning (Kontoyiannis 
et al. 2019; Webb et al. 2013).

Among the diseases caused by fungal contamination associated with floods after 
major hurricanes are acute fungal infection of the upper respiratory tract (sinusitis), 
pneumonia, post-traumatic skin infection, endophthalmitis, keratitis, as well as 
infection of the central nervous system as a result of transient lung infection with 
hematogenous spread after massive aspiration of contaminated water (near- 
drowning), allergic rhinitis, conjunctivitis, asthma, hypersensitivity pneumonitis, 
and allergic bronchopulmonary aspergillosis (Brandt et  al. 2006). Some of these 
diseases have been recorded in people exposed to fungal contamination in areas 
damaged by Category 3 to 5 hurricanes, particularly by Katrina, one of the deadliest 
hurricanes in the United States (Table 12.2).

However, it has not yet been possible to record an increase in post-hurricane 
fungal illnesses, which attributed to different factors: (1) people who had mild 
symptoms of infection did not seek medical attention or the diagnosis was not 
reported to surveillance systems; (2) people are forced to seek shelter in homes not 
affected by the hurricane; therefore, their exposure to the fungus is minimal, or they 
were diagnosed and treated in unaffected areas; and (3) people who exposed to the 
fungi were immunocompetent and the exposure time was limited or minimal 
(Barbeau et al. 2010).

12 Climate Change, Hurricanes, and Fungal Diseases
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12.5  Prevention of Post-Hurricane Fungal Diseases

After a hurricane, excess humidity and stagnant water promote the abundant growth 
of fungi in homes, representing a health risk. Therefore, it is necessary to remove 
the fungi and control the humidity to prevent the fungus from proliferating. The 
presence of the fungus poses a substantial health hazard for people suffering from 
asthma, allergies or other respiratory conditions, or immunosuppression (Chow 
et al. 2019). Thus, the most vulnerable people must not participate in post-hurricane 
cleanup activities. On the other hand, people involved in cleaning or rehabilitating 
areas affected by hurricanes should avoid areas where fungal contamination is 

Table 12.2 Fungal diseases associated with hurricanes

Hurricane  
(Name, year)

Hurricane category 
(Saffir-Simpson 
scale) Fungal agent Disease Reference

Katrina, 
2005

5 Cladosporium sp. Lung infection Rao et al. 
(2007b)

Katrina, 
2005

5 Blastomyces dermatitidis Systemic 
infection 
(central nervous 
system)

Szeder et al. 
(2007)

Ike, 2008 4 Unidentified agent causing 
chromoblastomycosis

Subcutaneous 
infection (soft 
tissue)

Riddel et al. 
(2011)

Katrina y 
Wilma, 2005

5 Drechslera sp., other 
unidentified fungi

Allergic 
sinusitis, 
invasive 
infection

Sridhar et al. 
(2012)

Katrina, 
2005

5 Coccidioides Disseminated 
and lung 
infection in 
non-endemic 
area

Schieffelin 
et al. (2013)

Katrina, 
2005

5 Aspergillus fumigatus, 
Mucor

Invasive lung 
infection

Webb et al. 
(2013)

Sandy, 2012 3 Aspergillus fumigatus, 
Aspergillus flavus, 
Aspergillus terreus, 
Aspergillus niger, 
Trichosporon asahii, 
Fusarium, Penicillium, 
Mucor, Curvularia, 
Bipolaris, Rhizopus, 
Trichoderma, Trichosporon

Skin infection Sood et al. 
(2018)

Harvey, 2017 4 Aspergillus, Fusarium, 
Rhizopus, Syncephalastrum, 
Conidiobolus

Invasive 
infection

Kontoyiannis 
et al. (2019)
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evident, use personal protective equipment (respirator, boots, glasses, gloves) to 
prevent trauma, and keep hands, skin, and clothing clean and free of fungus-con-
taminated dust (Brandt et al. 2006; Chow et al. 2019; Liang and Messenger 2018). 
If anyone experiences a health problem after being exposed to fungi, medical atten-
tion must be provided immediately. Healthcare workers must be aware of the spec-
trum of possible fungal diseases, including unusual conditions, that may occur after 
a hurricane to establish a timely diagnosis and appropriate treatment.

Preventing fungal diseases after a hurricane disaster requires systems-based 
emergency management and public health strategies that address population dis-
placement (Chow et al. 2019; Cummings et al. 2007). Evacuation of survivors from 
contaminated environments followed by access to safe shelter, potable water and 
food, and basic healthcare services are integral components of a coordinated 
response to hurricanes and other hydrometeorological disasters (Liang and 
Messenger 2018).

12.6  Conclusion

Climate change has contributed to increasingly intense hurricane seasons. Large- 
scale hurricanes can alter the growth, distribution, and dispersal of fungi in the 
environment and favor greater contact between fungi and people affected by hurri-
canes, leading to various fungal diseases. Therefore, it is necessary to implement 
multidisciplinary actions to limit the anthropogenic effect on climate change and 
establish and communicate measures for the prevention and control of fungal dis-
eases in communities vulnerable to hurricanes.
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13.1  Introduction

Climate change affects human health and represents a challenge for all countries 
(Osborne et al. 2015; Tummon et al. 2021; Villacís 2019). It is a global phenomenon 
with differential influences on populations, depending on their exposure, sensitivity, 
and adaptive capacity (Paavola 2017; Prescott 2013). These changes could affect 
ecosystems, populations, and all spheres of our lives and represent the biggest 
global health threat of the twenty-first century (Katelaris and Beggs 2018). Its main 
characteristics are the sea level rise, the global warming, the changes in the precipi-
tations, and extreme weather events (Pendrey et  al. 2020). These changes could 
cause several negative consequences depending on geographic region, socioeco-
nomic status of people, and preexisting population vulnerabilities (Jhan et al. 2020). 
This chapter is about how these changes affect human health, focusing on fungal 
allergic diseases and conditions.

Allergic diseases have high prevalence around the world. Exposure to fungal 
allergens affects the human health causing allergies, irritation, and intoxications. 
The effects vary according to the nature and dose of exposure (Agache et al. 2019; 
Katelaris and Beggs 2018; Osborne et al. 2015; Tummon et al. 2021). The fungal 
components (enzymes, toxins, cell wall components, and proteins) interact with the 
immune system and cause diverse responses such as asthma, rhinitis, and rhinocon-
junctivitis. Other significant diseases have been identified, like allergic bronchopul-
monary aspergillosis, hypersensitivity pneumonitis, and allergic fungal sinusitis 
(Pfavayi et al. 2020).

Climate change affects the quantity, quality, and temporal and spatial dynamics 
of aeroallergens (Patella et al. 2018), and environmental conditions play an impor-
tant role in the appearance of sensitization to these aeroallergens. Also the flooding 
associated with tropical hurricanes impacts on allergic diseases in these latitudes, 
causing a significant proliferation of mold growth in damp homes. Their involve-
ment role as allergens has been demonstrated by many aerobiology studies (Levetin 
et al. 2016). It is a topic of research by allergologist, and not only as a risk factor for 
asthma but also their involvement in severe and fatal asthma.

13.2  Allergenic Fungi

Many studies described different fungal-related respiratory conditions, especially 
those related to asthma (Hulin et al. 2013; Reponen et al. 2011, 2012). Some inves-
tigations on environmental medicine have established a causal relationship between 
asthma and environmental fungi. Furthermore, these studies indicate that the preva-
lence of fungal-induced asthma in adults is currently increasing (Denning et  al. 
2014). In the adult population, the incidence of work-attributable asthma is around 
30% (Karjalainen et al. 2001). Adult asthma is strongly associated with the level of 
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exposure to fungi (Park et al. 2008). In Finland, environmental fungi became the 
main causative factor of occupational asthma (Denning et al. 2014).

There are more than 80 genera of fungi reported as causal agents of allergies; 
among these are Aspergillus, Penicillium, Cladosporium, Alternaria, 
Helminthosporium, Epicoccum, Fusarium, Rhizopus, and Mucor (Levetin et  al. 
2016). Of these fungal genera, Aspergillus, Penicillium, Cladosporium, and 
Alternaria stand out due to their greater clinical importance and the majority to 
identified allergens (Adhikari et al. 2004; Cafarchia et al. 2014; Kochar et al. 2014). 
The phyla Zygomycota, Ascomycota, and Basidiomycota contain most of the genus 
of fungi that produce allergens (Fig. 13.1) (Hibbett et al. 2007; Levetin et al. 2016; 
Soeria-Atmadja et al. 2010a, b).

The phylum Zygomycota contains allergenic saprobic genera, highlighting 
Mucor and Rhizopus (Hibbett et al. 2007; Levetin et al. 2016). Soeria-Atmadja et al. 
(2007) and Andersen et al. (2011) showed the species Mucor racemosus induces 
sensitization in some individuals, as well as symptoms of asthma and rhinitis. On 
the other hand, Donthi et al. (2011) stated that aplanospores of Rhizopus are aller-
genic and tend to disperse in hot and dry climates. Rhizopus nigricans, R. stolonifer, 
and R. oryzae possess several allergenic proteins associated with rhinitis, asthma, 
fungal sinusitis, hypersensitivity pneumonitis, and infection (Levetin et al. 2016; 
Maniwa et al. 2002; Sircar et al. 2012).

Ascomycota contains a large group of allergenic fungi that produce asexual 
spores (conidia) and sexual spores (ascospores) that are dispersed through the air 
(Fig. 13.2). Based on the DNA sequence, many genera of allergological interest are 
located within this phylum (Levetin et al. 2016). Cladosporium is a highly studied 

Fig. 13.1 Examples of allergenic fungi grouped in the three main phyla
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genus with a high presence in the air. The allergens Cla h 1 and Cla h 2 have been 
identified in C. herbarum and could affect sensitized individuals with allergic rhini-
tis and asthma (Breitenbach and Simon-Nobbe 2002; Raphoz et al. 2010). Multiple 
Alternaria allergens have also been characterized (Williams et  al. 2016). Some 
authors have shown that there is a cross-reactivity between these genera, so that the 
high concentrations of Cladosporium enhance the immune response of those sensi-
tive to Alternaria (Aira et  al. 2012, 2013). The species Alternaria alternata and 
Cladosporium herbarum are probably the most important from the allergological 
point of view (Aira et al. 2012, 213).

Some related genera of the Pleosporaceae family, such as Curvularia, Bipolaris, 
Drechslera, Helminthosporium, and Exserohilum, are also related to allergic pro-
cesses (Fryen et al. 1999; McAleer et al. 1981; Menezes et al. 1998). More than four 
IgE-binding proteins have been identified from Bipolaris extracts (Lim et al. 1995). 
Several species of Helminthosporium can cause allergic rhinitis and asthma (Weber 
2006), and allergens from Exserohilum rostratum have been detected by Green et al. 
(2003). On the other hand, Curvularia shares IgE cross-reactivity with Alternaria, 
Bipolaris, and Stemphylium (Agarwal et al. 1982). Several Stemphylium allergens 
(Ste h 1 and Ste. b 1) appear to have a high cross-reaction with Alternaria Alt 1.63 
to S. herbarum associated with allergic asthma and hypersensitivity pneumonitis 
(Gutierrez- Rodriguez et al. 2011; Lahoute et al. 1983).

Fig. 13.2 Some airborne allergenic fungi. (a) Alternaria (spore, conidium), (b) Aspergillus 
(conidial head), (c) Penicillium (penicilla and conidia), (d) Cladosporium (spore, conidium), (e) 
Coprinus (spore, basidiospore), (f) Curvularia (spore, conidium), (g) Ganoderma (spore, basidio-
spore), (h) Leptosphaeria (spore, ascospore)
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Aspergillus is another ascomycetous genus of allergological importance, with a 
large number of species that produce small conidia (asexual spores), which allows 
their aspiration and penetration into the respiratory tract (Chacón 2012). Aspergillus 
can cause allergies to invasive infections and can affect the upper airways or lungs, 
respectively (Cruz et al. 2005; Singh and Pursell 2008). The most frequently identi-
fied species in clinical isolates is Aspergillus fumigatus followed by A. flavus, 
A. niger, A. terreus, and A. nidulans. These last four also play an important role in 
various human pathologies (Hedayati et al. 2007; Oliveira and Carmalho 2014). The 
most important species from the allergenic point of view is A. fumigatus, which 
tolerates a wide range of growth temperatures, between 12 and 52 °C (Oliveira and 
Carmalho 2014). In humans, it causes allergy symptoms (rhinoconjunctivitis and 
asthma), hypersensitivity pneumonitis or extrinsic allergic alveolitis and allergic 
bronchopulmonary aspergillosis, localized infections such as aspergilloma, or gen-
eralized infections such as invasive aspergillosis, although compared to other spe-
cies of this genus generally in low concentrations in the air (Salim and Runco 2008; 
Zubeldia et al. 2012). The main allergen of A. fumigatus, Asp f1, is an 18 kD IgE- 
binding protein, which is a cytotoxin also produced by A. restrictus (Arruda et al. 
1990; Ryan et al. 2001). In other investigations, specific IgE was found in 2% of 
1800 children to A. versicolor, which produces the allergen Asp v 13, a subtilisin- 
like serine protease (Kolossa-Gehring et al. 2007; Shi et al. 2011).

Penicillium is another genus with species that produce small conidia, and it has 
been identified as a risk factor for asthma and allergies (Scott et al. 2004). Some 
species are major indoor fungi that are associated with respiratory atopic disorders. 
Investigation of the genus Penicillium allergens and its allergenic cross-reactivity 
among fungal allergens provides important information in clinical mold allergy 
(Shen et al. 2005).

Also the spores of Fusarium can be airborne, especially during humid weather, 
and can cause allergies and may cause also sinusitis and allergic bronchopulmonary 
mycosis. Several studies have shown the reactivity of skin tests to its extracts 
(Levetin et al. 2016).

Basidiospores (sexual spores of the phylum Basidiomycota) have been associ-
ated with increases in emergency department visits for asthma. This has been recog-
nized as one of the strongest connections between asthma and the environment. In 
some reports, the role of Ganoderma spores in sensitization of 10–48% has been 
identified by skin prick tests (Jedryczka et  al. 2015; Sadys et  al. 2014). In the 
Caribbean, a greater sensitization to basidiospores than to conidia was detected in 
Puerto Rico (Rivera-Mariani et al. 2011). However, in this same country, the need 
to further evaluate the role of basidiomycetes in allergies was highlighted (Rivera- 
Mariani et al. 2012).

Several studies show the temporal dynamics of fungal spores in the external 
environment, in which differences in seasonal behavior for the different genera are 
described, related to the environmental factors characteristic of each region. It has 
been suggested that atmospheric fungal concentration tends to be higher in temper-
ate and tropical regions than in high latitudes and deserts, where fungal colonization 
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is limited by adverse climatic conditions (Barriga 2007). The concentration of 
spores in the air can vary depending on the type of vegetation, the local microenvi-
ronment, and human activity.

In countries with a tropical climate during most of the year, the temperature var-
ies between 25 °C and 30 °C, and the relative humidity remains above 70%. These 
conditions favor fungal development and the formation and release of spores 
(Quintero et al. 2010).

Numerous authors reported that the genera Cladosporium, Aspergillus, and 
Penicillium are the most common in the air (Adhikari et al. 2004; Aira et al. 2013; 
Docampo et al. 2010; Levetin et al. 2016). Their concentration varies depending on 
biological factors (the daily sporulation rate and the availability of the substrate for 
the development of the mycelium), climatic (temperature, humidity, and precipita-
tion) or physical (movement of the atmosphere, turbulence, and warming) (Sidel 
et al. 2015). Cladosporium spores are the most abundant in the exterior of most lati-
tudes and in low latitudes of tropical climate; they tend to appear outside the sum-
mer period (Aira et al. 2013; Rocha et al. 2013).

Aspergillus and Penicillium spores are widely represented in the air (Docampo 
et  al. 2010). Aspergillus releases large amounts of conidia into the air from the 
conidiophores that project from the mycelium, and due to their small size, they can 
remain suspended in the environment for a long period of time, increasing the prob-
ability of being inhaled (Fairs et al. 2013).

In tropical areas, the genus Curvularia contributes significantly to airborne spore 
concentration values   with maximums between 4000 and 9000 spores/m3, while 
Alternaria conidia appear in daily mean concentrations that can reach up to 150 
spores/m3 (Griffin 2007). Most air fungi studies around the world have been con-
ducted mostly in urban areas. However, in agricultural areas, higher concentrations 
of fungal propagules are usually detected due to the abundant vegetation and decom-
posing organic matter and the agricultural activity itself.

The origin of airborne spores in indoor environments is (1) from outside and 
penetrates through ventilation systems and (2) released by fungi that grow in situ on 
various substrates (Shelton et al. 2002). Although there is no international standard 
that indicates when an environment is contaminated or not, some authors suggest 
that an environment can be considered contaminated if it has more than 1000 spores/
m3 (Borrego et al. 2010). The most abundant fungal genera indoors are Cladosporium, 
Aspergillus, and Penicillium. However, there are reports of other fungal genera such 
as Curvularia, Alternaria, Fusarium, Acremonium, and Epicoccum (Díaz et  al. 
2010a, b). The predominance of one or the other is given by the climatic region and 
the specific conditions of the premises, such as the presence of organic substances, 
the microclimatic conditions of temperature and relative humidity, ventilation, and 
the predominant microbiota in the outdoor air (Pyrri and Kapsanaki-Gotsi 2007).
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13.3  Responses to Fungal Allergens

There is association between home dampness and respiratory symptoms in children 
and adults, with evidence for dose-response relationships (Cai et al. 2019; Mendell 
et al. 2011). Several studies show that early exposure to environments with damp-
ness, visible mold, and moldy odor is associated with successive development of 
asthma (Baxi et al. 2016; D’Amato et al. 2015) and pediatric asthma emergency 
admissions (Tham et al. 2017). The prevalence of allergic rhinitis is three times that 
of asthma, and many patients with asthma have associated rhinitis. Allergic rhinitis 
and asthma are currently not considered two independent conditions (Navarro et al. 
2017), but rather manifestations of a single syndrome: chronic respiratory allergy 
syndrome (Montes-Angel et al. 2020; Pawankar et al. 2011).

Fungi contribute to asthma by different mechanisms, but the role of fungal aller-
gens has been incompletely studied (Agarwal and Gupta 2011). In the case of ther-
motolerant fungi, such as Aspergillus, colonization of numerous substrates allows a 
continuous source of fungal allergens, leading to persistent immune response, air-
way inflammation, and tissue damage. Alternaria, a temperature sensitive fungus, 
may cause disease exacerbations in response to extend exposure to fungal spores or 
fragments and fungal products. Several epidemiological studies worldwide have 
recognized an association between observed mold or water damage and asthma 
(Zhang et al. 2016).

With respect to severe asthma, many patients are frequently sensitized to multi-
ple fungal species, documented by skin prick test or serum IgE test. To date, severe 
asthma with fungal sensitization is recognized as a phenotype. These patients had 
more bronchiectasis and fixed airflow obstruction than other asthmatic patients 
(Mota and Borrego 2016). Elevated spore levels in the air correlate with an increased 
number of hospitalizations and deaths from asthma (Sabino et al. 2019) as well as a 
greater risk of developing rhinitis (Fernández-Soto et  al. 2018). An association 
between emergency visits for asthma and thunderstorms has been linked to high 
airborne fungal spore counts in Canada and the United Kingdom, mainly by 
Alternaria spores (Dales et al. 2003). Bioaerosols are relevant in damp indoor envi-
ronments and include fungi, fungal spores, hyphae, as well as fungal fragments and 
other allergens (Zhang et al. 2016).

Hinson et al. (1952) described allergic bronchopulmonary aspergillosis (ABPA) 
in 1952 characterized by increased serum levels of Aspergillus-specific IgE and IgG 
antibodies, peripheral blood eosinophilia, immediate and/or delayed skin reactions 
to fungal antigen, and radiographic findings including pulmonary opacities, central 
bronchiectasis, and mucus plugs (Asano et al. 2018). The prevalence of ABPA in 
asthma and cystic fibrosis is about 13% and 9%, respectively (Agarwal et al. 2016 
Jubin et  al. 2010). Worldwide, more than four million people are affected by 
ABPA. Positive skin prick test to Aspergillus antigen is present in almost 25% asth-
matics and 50% of cystic fibrosis patients, but ABPA is not that much prevalent 
(Santos et  al. 2021). It was lately named allergic bronchopulmonary mycosis 
(ABPM) because other fungi were implicated. ABPM is characterized by fungal 
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colonization of the airway and IgE sensitization to fungi, with recurrent and tran-
sient radiographic peripheral infiltrates, pulmonary eosinophilia, and bronchiectasis 
(Mota and Borrego 2016). Candida albicans is the most commonly reported associ-
ated fungus with Bipolaris species, Schizophyllum commune, and Curvularia spe-
cies (Denning et al. 2014). Penicillium, Drechslera, Torulopsis, Mucor, Fusarium, 
Cladosporium, and Saccharomyces have also been identified (Cottin 2016).

Fungal antigens can cause hypersensitivity pneumonitis (HP), or extrinsic aller-
gic alveolitis, and these can be found in the workplace, at home, and in recreational 
activities. HP is characterized by non-IgE-mediated inflammation of the paren-
chyma, alveoli, and terminal airways of the lung (Corry et al. 2019; Grammer 2019). 
HP is secondary to repeated and prolonged exposure to specific antigens in a sus-
ceptible host (Watts and Grammer 2019). Penicillium spp. and Aspergillus spp. are 
the fungi species most frequently linked with the onset of disease (Gomes et  al. 
2021). Diagnosis is established by clinical, radiological, and pathological data. 
Only a small proportion of exposed individuals develops this lung disease (Nogueira 
et al. 2019). HP is a complex clinical problem, and there are still many areas in the 
pathogenesis, diagnosis, and treatment, which require more knowledge (Vasakova 
et al. 2019).

Chronic rhinosinusitis (CRS) is a complex disease characterized by chronic 
inflammation of the paranasal sinuses, eosinophilic mucin, and IgE antibodies to 
fungi. There are two major subtypes based upon phenotypic appearance: CRS with 
nasal polyps (CRSwNP) and CRS without nasal polyps (CRSsNP) (Grayson et al. 
2019). At this time, it is known as allergic fungal rhinosinusitis (AFRS). AFRS 
occurs in approximately 5–10% of individuals with CRS and approximately 50% of 
individuals with AFRS also have asthma (Bachert et  al. 2021; Park et  al. 2019). 
AFRS is associated with various fungi, including Bipolaris, Curvularia, 
Cladosporium, Alternaria, and Aspergillus, and is more severe than other forms of 
CRS.  Thus, both upper and lower airway subtypes of asthma and CRS clearly 
involve increased immune sensitivity to fungi (Mota and Borrego 2016).

Fungi have been implicated in occupational diseases. Occupational exposure to 
indoor molds and dampness may cause mold hypersensitivity syndrome (DMHS), a 
complex multiorgan disorder and lung damage (Tuuminen and Lohi 2018). In 
Finland, researchers found that exposure to mold odor at work increased the risk of 
asthma-COPD overlap syndrome (ACOS), and this risk was stronger among current 
smokers, suggesting a synergistic effect between these exposures (Jaakkola 
et al. 2020).

Some studies reported the presence of fungi and fungal elements in archives and 
libraries and with an increase in the prevalence of fungal sensitization in librarian 
workers (Alvarez-Castelló et al. 2020; Molina-Veloso and Borrego-Alonso 2017). 
Exposure of workers to molds in an office of work building was associated with 
occupational asthma (Caillaud et  al. 2018). Occupational mold allergy can also 
occur in farm workers, bakers, brewers, florists, carpenters, winemakers, and wall-
paper hangers (Kerbelker 2019).

IgE-binding trials, and skin test that induce histamine release in basophils from 
sensitized patients, have demonstrated the importance of molds to induce 
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IgE-mediated reactions. Bronchial and nasal challenge tests with extracts of fungal 
spores or hyphae are used to induce rhinitis and asthma. A prerequisite for the 
development of allergic sensitization is that individuals are exposed to the allergen 
source in clinically relevant amounts (Twaroch et al. 2015).

In the near future, the rising sea levels, warming ocean temperatures, and an 
increase in the frequency and intensity of storms and hurricanes which will result in 
coastal flooding will have an effect on indoor mold levels. This resulting exposure 
to fungal allergens will adversely affect the respiratory health of humans in these 
environments (Poole et al. 2019).

There is a significant need to evaluate the impact of fungi on allergic diseases and 
general health. Even though there are many progresses in the knowledge of fungal 
allergens and the allergic immune responses, there are still many unanswered 
questions.

13.4  Fungal Allergy and its Relationship 
with Environmental Changes

The impact of climate change on human health is a complex phenomenon (Sarofim 
et al. 2016). The increase of atmospheric greenhouse gas (such as carbon dioxide, 
methane, and nitrogen dioxide) and the global warming are the major manifesta-
tions of climate change, and it has been suggested their relationship to mold aller-
gies (Patella et  al. 2018; Peter Mshelia et  al. 2020). Therefore, the frequency of 
extreme weather events such as snowfall, heavy rain, storms, hurricanes, tornadoes, 
and big storms hail events will increase globally with differences in season and 
regions. One of these consequences is related to thunderstorm asthma in various 
geographical zones (Dales et  al. 2003; Grinn-Gofroń et  al. 2013). Many studies 
have shown the impacts on emergency visits and hospitalizations for exacerbations 
of asthma (Bannister et  al. 2021; Baxi et  al. 2016). Most of these events have 
occurred during the spring or early summer periods, when aeroallergen counts are 
usually highest (Xu et al. 2021). Asthma has estimated to affect 339 million people 
and it is the most common chronic disease in children (Olsson et al. 2021). Mortality 
rates vary widely, with more affected low- and middle-income countries and 2030 
millions of people in the world do not have accessible affordable medical care 
(Bannister et al. 2021; Fletcher et al. 2020). The prevalence of allergic rhinitis is 
even higher; occurring in approximately 500 million people worldwide for this rea-
son, allergic diseases are considered a major public health problem globally (Davies 
et al. 2021).

Nowadays, there is increased evidence of the effects of climate change on aller-
gic diseases. Global warming is influencing the production of aeroallergens, aller-
genicity, seasonality, distribution, and atmospheric concentration of airborne fungi 
(D’Amato et al. 2015; Weinberger et al. 2016).
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The mechanisms through air pollutants and climate that may influence allergic 
diseases are complex and not fully understood. Air pollutants can act as adjuvants 
and alter the immunogenicity of allergenic proteins, affecting atmospheric concen-
tration and human exposure to aeroallergens, increasing health risks (Reinmuth- 
Selzle et al. 2017; Weinberger et al. 2016). It has been also reported that concomitant 
to exposure to aeroallergens occurs a co-exposure to air pollutants (Weinberger 
et al. 2016).

Fungi have effects on human health, and these occur in indoor and outdoor envi-
ronments. The air quality inside buildings influences allergic diseases. Moreover, 
most people spend more than 90% of their time indoors. The indoor environment 
quality depends on the outdoor air and the presence of indoor air pollution sources 
(Baldacci et al. 2015; Davies et al. 2021). In the home or workplace, the key factor 
for fungal growth is humidity. Fungi are most often found in basements, kitchens, 
and bathrooms. The most common sources of moisture in buildings are plumbing, 
roof, and window leaks and flooding.

Aspergillus, Penicillium, Alternaria, and Cladosporium species have been iden-
tified at higher concentrations in homes of patients with asthma symptoms (Segura- 
Medina et al. 2019; Sharpe et al. 2015). Fungal exposure in work buildings is related 
with the incidence and exacerbations of occupational asthma. As industrialization 
and furnishing of homes and workplaces have progressed, so has exposure to 
indoor fungi.

There is an association between asthma exacerbation and mortality in adults with 
peak days of high concentrations of exposure to airborne fungi in the outdoor air 
(Batra et al. 2021). Air temperature, relative humidity, precipitation, wind speed, 
and direction have effects on the levels of airborne spores and their release, pres-
ence, composition, movement, and viability. Alternaria and Cladosporium have 
been the most considered in aerobiological studies due to their pathogenic and aller-
genic properties (Ijadpanahsaravi et al. 2021; Stamper et al. 2016).

Rain reduces the temperature in many regions of the world, and fungi can release 
their fungal spores and cause the highest concentrations in the atmosphere. In addi-
tion, dry spores can also be released during rain by mechanical shock or fast airflow 
when raindrops spread. Numerous aerobiological studies indicate that most air-
borne fungal spores are positively temperature-dependent. Consequently, an 
increase in temperature may cause an increase in spore counts of strongly 
temperature- dependent fungi, especially in the continental climate (Grinn-Gofroń 
et al. 2020).

Due to the ubiquity of air pollution both indoors and outdoors, it is realistic to 
assume that exposures to aeroallergens occur with co-exposure to one or more air 
pollutants. These pollutants can act as adjuvants and affect the immune system by 
inducing tissue damage and successively more uptake of allergens. These induce 
oxidative stress and activation of immune cells, by co-exposure with the allergen 
that favors Th2 responses, or by modifying allergens enhancing their allergic poten-
tial (Diaz-Sanchez et al. 2003).

Persistent exposure to particulate air pollution from motor vehicles has been 
implicated as one of the factors that is responsible for the observed increased 
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prevalence of atopy, mainly in industrialized countries. There is an important asso-
ciation between ambient levels of motor vehicle traffic emissions and increased 
symptoms of asthma and rhinitis. Particulate toxic pollutants, and in particular die-
sel exhaust particles, can enhance allergic inflammation and induce the develop-
ment of allergic immune responses (Diaz-Sanchez et al. 2003; Muñoz et al. 2019). 
Several epidemiological studies have reported that respiratory allergies and atopic 
dermatitis are associated with exposure to traffic-related air pollution.

Cladosporium spore counts have been positively correlated with average tem-
perature and humidity and negatively correlated with precipitation; however, no 
significant trends were found for Alternaria or Epicoccum. Hurricane Katrina trig-
gered an extensive mold growth in buildings. Higher mold spore concentrations 
were found indoors compared to outdoors, and much higher spore concentrations 
were found in flooded areas compared to non-flooded areas. There is a clear need of 
epidemiologic studies of allergic diseases and their relationship to aeroallergens and 
climatic factors (Reid and Gamble 2009).

Injuries in the airway mucosal and compromised mucociliary clearance pro-
duced by air pollution enable the penetration of inhaled allergens and access to the 
immune system cells (Glencross et al. 2020; Reinmuth-Selzle et al. 2017). So these 
events promote airway sensitization. Consequently, an enhanced immunoglobulin 
E-mediated response to aeroallergens and greater airway inflammation by air pollu-
tion could account for the increasing prevalence of allergic respiratory diseases in 
urban areas (D’Amato et al. 2003).

Air pollution has been associated with chronic lung disease, cancer, and cardiac 
disease. The ground-level ozone (O3), has a direct impact on the human respiratory 
system, increasing frequency of asthma exacerbations, increasing susceptibility to 
infection and possible promotion of chronic obstructive pulmonary disease (Demain 
et  al. 2021). Some studies indicate that fungi exposure is affected by CO2. The 
sporulation of allergenic fungi is probable to be enlarged as atmospheric CO2 con-
centration increases and is also likely to contribute to the increasing prevalence and 
severity of asthma and allergies (Demain et al. 2021). When Alternaria grows on 
leaves of timothy grass plants grown at elevated CO2 concentrations, it produces 
nearly three times the number of spores and more than twice the total antigenic 
protein per plant than at lower CO2 concentrations (Tu et al. 2015; Wolf et al. 2010). 
Outdoor exposure to Aspergillus fumigatus and O3/NO2/O3 + NO produces an expo-
sure time-dependent changes of IgE-binding capacity, suggesting links to chemical 
modifications of allergen Asp f 1 such as nitration and deamidation (Lang-Yona 
et al. 2015; Ortega-Rosas et al. 2021; Reinmuth-Selzle et al. 2017).

13.5  Climate Change and Allergenic Fungi

Climate change can affect the dispersal, transport, and deposition of allergenic fun-
gal spores. There are many meteorological processes that affect spore dynamics in 
the atmosphere. From the point of view of atmospheric transport, fungal spores are 
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aerosols that are lighter than most airborne particles and can be transported to hun-
dreds of kilometers or more, if weather conditions are favorable (Sofiev and Prank 
2016). As mentioned earlier in Chap. 3, the concentration of airborne spores can 
increase in a wide range of temperatures as has been documented in countries 
around the world. In addition, the annual amounts of spores and their relationship 
with temperature were different between cities with climatic differences.

In particular, this environmental factor can influence the presence of certain 
allergenic spores in a season of the year (seasonality). This relationship is important 
because the increase in the concentration of aeroallergens is associated with 
increases in hospital admissions for asthma (Forkel et al. 2021; Pfavayi et al. 2020; 
Ziska 2016, 2020; Ziska et al. 2019). The study by Dales et al. (2003) in Canada 
concluded when the fungal spore count doubled, emergency admissions for pediat-
ric asthma increased by more than 15%. This illustrates atmospheric allergens are a 
risk factor for asthma (exacerbations). The presence and high concentration of 
Alternaria, Cladosporium, and Aspergillus spores have been related to a higher 
prevalence of hospital admissions for asthma (Cecchi et  al. 2010). Sensitivity to 
Alternaria alternata is a predictor of epidemic asthma in patients with seasonal 
asthma and is likely to be the important factor in storm-related asthma (Pulimood 
et  al. 2007). Basidiospore and ascospore spores are also associated with early 
wheezing in children (Harley et al. 2009; Sheffield et al. 2011).

Fungi, in general, require high humidity and temperatures above a minimum 
physiological threshold. Therefore, anthropogenic climate change and warmer tem-
peratures are almost certain to have a significant impact on the life cycles of fungi, 
including sporulation (Peden and Reed 2010). In addition, it is documented that 
electrical storms, floods, and increased pollutants can also have an impact (Ziska 
2016). Barnes et al. (2013) reviewed the effects of climate change and the environ-
ment on respiratory and allergic diseases and emphasized that the approach of aller-
gists and/or environmental physicians to global climate change should be as 
integrated and forward-looking as possible.

Climate change also affects allergen levels in homes, schools, and offices. People 
allergic to outdoor allergies will not only experience more symptoms, so will people 
with outdoor allergies. Chew and Saha (2016) analyzed the impacts of climate 
change on indoor allergens, taking into account several aspects that can change 
inside homes. In this sense, the emergence of microenvironments with high tem-
peratures, generated by modern electronic equipment, must also be taken into 
account.

Fungal spores have been monitored quarterly at the Wieliczka Salt Mine, located 
in southern Poland, for 8 years. Concentration in the subterranean environment dif-
fers between seasons, which indicates that the biological material penetrates the 
interior by anthropic action, appears to be typical of public facilities, and is more 
stable than that of the outside air (Myszkowska et al. 2020).

Various adaptation measures have been proposed to reduce the impact of climate 
change on allergenic fungi in the interior of homes or other occupational premises. 
These include legislative and specific building design and construction measures to 
minimize the risks of leakage and surface flooding (D’Amato et al. 2020; D’Amato 
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et al. 2015; De Marco et al. 2010; Eguiluz-Gracia et al. 2020; Gent et al. 2003; Islam 
et al. 2007; Mayaux et al. 2005; McConnell et al. 2002; Shea et al. 2008; Smith 
2000). These measures are aimed at minimizing the presence of fungi inside build-
ings, due to their possible impact on allergies (Fig. 13.3), and although they focus 
mainly on the relationship with humidity, temperature is a fundamental point for the 
analysis.

Considerable research remains to be done on changes in the production, disper-
sal, and allergen content of fungal spores, which may be region and species specific. 
However, several authors have analyzed the impacts of climate change on aeroal-
lergens, as well as on the interaction between air pollution and the exacerbation of 
allergic diseases (Bartra et al. 2007; Beggs 2004; Beggs and Bambrick 2005; Cecchi 
et al. 2010; D’Amato and Cecchi 2008; Reid and Gamble 2009; Shea et al. 2008).

Short-term forecasts indicate that although temperature can be a strong predictor 
of fungal spore concentrations in the air, the effect varies by fungus species and 
geography. In Denver, USA, an upward trend in Cladosporium spore counts was 
observed for 8 years that was significantly positively correlated with temperature 
(Katial et al. 1997). A similar result was found in another US city, Tulsa, by Troutt 
and Levetin (2001). For their part, Freye et al. (2001) observed higher counts of 
airborne fungi after a warmer El Niño event in New England.

In another zone, Sindt et al. (2016) verified whether in recent years there have 
been any changes in the spore content of atmospheric fungi, as well as whether 
these modifications can be linked to changes in the climate and whether the observed 
trend is uniform throughout the French territory or different from one climatic 
region to another. Depending on the context, the same heating can trigger more or 
less spore production in the air and alter the distribution of the pattern and time in 
one direction or the other. Longer periods of aerobiological monitoring and more 

Fig. 13.3 Some adaptation measures to reduce the impact of climate change on indoor fungi
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sites that record fungal data are urgently required to determine the airborne fungi 
dynamics, increasing or decreasing levels of certain types of spores that could have 
an impact in public health.

Studies examining local temperature increases in two UK cities indicated that 
Alternaria spore counts increased from the early 1970s to the late 1990s and that the 
spore season started earlier and increased by duration (Corden et al. 2003; Corden 
and Millington 2001). Seasonal concentrations of Alternaria spores showed a clear 
upward trend during this period, beginning gradually from 1970 to 1991 and then 
increasing markedly from 1992 onward. Alternaria start dates showed that there 
was a trend toward an earlier seasonal onset (from late June around the beginning of 
the record to early June around the end of the record). Associated with this was a 
trend toward a longer Alternaria season. Corden and Millington (2001) related the 
trend for an earlier seasonal onset to an increase in accumulated winter and early 
spring temperatures in Derby.

Ogawa et al. (2012) raised the possible sun of the basidiomycete Bjerkandera 
adusta to increase the severity of allergic fungal cough through sensitization. They 
also analyzed their likely long-term transport from the Taklamakan and Gobi des-
erts, highlighting the effect of climate change on desertification. Sautour et  al. 
(2009) in France had reported the frequent detection of this fungus in indoor and 
outdoor samples. It is the study by Ogawa et al. (2012) that raises the importance of 
knowledge of the dispersion of allergenic fungal spores to prevent sensitization. In 
addition, it leaves some questions about how to reduce fungal spores in the indoor 
environment and the selection of the type of ventilation. Integrated research, which 
would not be possible with an exclusively reactionary methodology, can contribute 
to the protection of human health against allergy to fungi enhanced by climate 
change (Ogawa et al. 2013).

In a study conducted on the allergenicity of A. fumigatus, it was found that high 
concentrations of carbon dioxide affect its ability to induce allergies (Campos and 
Mendivil 2006).

13.6  Conclusion

Climate change could transform the fungal exposure and allergies. Many factors 
contribute to the variation in fungal diversity and concentrations, as well as the built 
environment, the behavior of residents, and the fungal ecology. A multidisciplinary 
approach involving house/workplace design and management, environmental char-
acterization, molecular categorization, and health professionals may be necessary to 
a better understanding of the role of fungi in the appearance of allergic diseases. It 
is important the interdisciplinarity in research on allergic diseases and their key 
relationship with the climate change. Reducing risk factors mainly environmental 
pollutants may improve nutrition and physical activity and increase tolerance. It is 
essential to increase global research on allergic diseases and its relation to aeroal-
lergens as fungi. Reducing the burden of allergic diseases is crucial today and the 
near future for our health and well-being.
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EA Ergot alkaloids
EC European Commission
FAO Food and Agriculture Organization
FB1, FB2, FB3 Fumonisin
FDA Food and Drug Administration
IARC International Agency for Research on Cancer
NOM Official Mexican Standard
OTA Ochratoxin A
PAT Patulin
WMO World Meteorological Organization
ZEN Zearalenone

14.1  Introduction

Climate change has been predicted to significantly impact on food safety, which 
is determined by three key components: sufficient food availability, access to 
these food supplies, and quality and use in terms of nutritional and cultural per-
spectives (Medina et al. 2017). During the last few decades, anthropogenic activi-
ties have caused environmental transformations, generating disturbances that 
modified microbial community structures and affected the function of diverse 
ecosystems (Dikhoba et al. 2019; Kaisermann et al. 2015; Perrone et al. 2020). 
Climate change has especially influenced mycotoxin production and has caused a 
spatial-temporal risk. This phenomenon varies according to every region or coun-
try (Lee et al. 2018). Moreover, crops are an ideal substrate for fungal growth and 
mycotoxin production that are at the beginning of the food supply chain 
(Warnatzsch et al. 2020).

The geographic expansion of microbes and vectors into new territories has 
been made possible by the increased human travel and sustained warmer tempera-
tures at higher latitudes. It exposes all planetary life to diseases previously 
unknown in particular habitats (Coates and Norton 2021). In an agroecosystem, 
weather is a key factor. Regions are vulnerable from temperature variability and 
extreme events, like heat waves, droughts, floods, cyclones, and wildfires (IPCC 
2014; Lee et al. 2018). There are several direct and indirect effects on crop health 
after interactions with global change drivers (Chakraborty et al. 2021). For exam-
ple, environmental conditions have a significant effect on field crops and stored 
grains that can range from pathogens’ sporulation to virulence gene expression in 
stressed situations. Thus, climate change and environmental strain cause signifi-
cant consequences for mycotoxin production (Medina et al. 2017; Perrone et al. 
2020). Unfortunately, mycotoxins represent a risk to human and animal health 
due to their mutagenic, teratogenic, and carcinogenic effects (Iamanaka et  al. 
2007; Murphy et al. 2006). Therefore, it is important to understand how and why 
mycotoxins occur.
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14.2  The Discovery of Mycotoxins

The term mycotoxin comes from Greek “mýkēs” and from the Latin expression 
“toxicum,” that is, “toxic fungus.” Mycotoxins are toxic, secondary metabolites pro-
duced naturally by certain filamentous fungal species or even fungi strains within 
the same genus. These metabolites are produced during the stationary stage of the 
growth phase, which is associated with differentiation and sporulation (González- 
Osnaya et al. 2006; Heussner and Bingle 2015; Janik et al. 2020). In addition, they 
possess diverse structures, are chemically stable and heat-resistant, and can persist 
during food processing (Sacco et al. 2020; WHO 2020). Exposure to mycotoxins 
can cause a syndrome called mycotoxicosis, which can affect various systems 
depending on where the contact took place (Peraica 2015). One of the first known 
cases of mycotoxicosis was caused by food poisoning in Europe in the Middle 
Ages. It was called “Saint Anthony’s Fire” due to the burning sensation that people 
felt in addition to seizures, hallucinations, nausea, vomiting, psychosis, and delu-
sions (Ramírez Quintero 2018). Today, that form of mycotoxicosis refers to ergot-
ism, caused by the consumption of contaminated rye with Claviceps purpurea 
alkaloids (Serrano-Coll and Cardona-Castro 2015).

There are about 400 mycotoxins, produced by approximately 100 fungi, which 
have been identified. The most infamous of these metabolites, in terms of toxicity 
and occurrence, are aflatoxins (AFB1, AFB2, AFG1, AFG2), ochratoxin A (OTA), 
fumonisin (FB1, FB2, FB3) deoxynivalenol (DON), zearalenone (ZEN), patulin 
(PAT), and ergot alkaloids (EA) (Alshannaq and Yu 2017; Berthiller et al. 2007; 
Deng et al. 2021; Paterson and Lima 2010).

14.3  Principal Toxigenic Fungi and their Metabolites

There are two classifications of toxigenic fungi: field or plant, which contaminates 
crops and generate metabolites before harvest; and storage or saprophyte, which 
increases the production of metabolites if there are no adequate control measures 
(Table 14.1). Despite this classification, the primary source of contamination origi-
nates in the field (Deng et al. 2021; Sadhasivam et al. 2017).

Aflatoxin production occurs within a wide temperature range of 12 to 42  °C 
(with an optimum temperature of 28–30 °C). There are around 20 types of aflatox-
ins; but only six are studied regularly due to their ability to affect a broad range of 
agricultural crops and for their negative effects on both human and animal health 
(Martínez et al. 2013). These six aflatoxins are AFB1, AFB2, AFG1, AFG2, AFM1, 
and AFM2. The letters “B” and “G” refer to the blue and green fluorescence gener-
ated when ultraviolet light is present, and the letter “M” signifies that the toxin has 
been identified in milk. These metabolites can produce mutagenic, teratogenic, and 
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carcinogenic effects and have also been linked to chronic and acute liver diseases 
(Iamanaka et  al. 2007; Murphy et  al. 2006). The most researched aflatoxin is 
AFB1M; the International Agency for Research on Cancer (IARC) classifies it as a 
Group 1 human carcinogenic substance (IARC 1993).

Aspergillus are habitually present in the human environment, but it wasn’t until 
the middle of the nineteenth century that the fungi were discovered and revealed to 
be involved in decomposition processes. These cosmopolitan fungi can proliferate 
in almost any environment of the world, ranging from arid to humid to temperate to 
tropical, with soil as the primary reservoir (Mamo et al. 2020). While the fungi do 
cause human and animal diseases, they also produce fermenting agents capable of 
creating important secondary metabolites (Hedayati et al. 2007). After A. fumigatus, 
A. flavus is responsible for causing the most cases of invasive aspergillosis in 
humans (Piontelli 2014). A. flavus is also the highest aflatoxin-producing species; 
therefore, its precise identification is important: Colonies are yellowish green with 
a powdery texture and radial furrows (Guevara-Robles et al. 2007; Luo et al. 2018). 
Microscopically, they have irradiated and uniseriate conidial heads, rough walls, 
spherical vesicle, globose conidia, and septate mycelium (Abarca 2000).

Another mycotoxin producer is Fusarium, which infects field crops and causes 
diseases and yield reduction. It is one of the more widely studied genera, so its 
genetic and phenotypic characterization is clearly defined (Desai et  al. 2020). It 
presents in its macromorphology a white mycelium at its start which then forms 
pigments that are colored gray to violet. Under the microscope, there are abundant 
oval microconidia with flat bases, grouped in chains, showing an apex and a basal 
cell (foot shape) (de la Torre-Hernández et al. 2014). There are around 15 types of 
fumonisins produced mainly by F. verticillioides, which is also the most researched 

Table 14.1 Fungal species and their mycotoxins

Fungal species Mycotoxins References

Aspergillus parasiticus B1, B2, G1, and G2 
aflatoxins

Campos et al. (2017); García-Cela et al. (2015); 
Hernández-Martínez and Navarro-Blasco (2015); 
Liu et al. (2021); Peromingo et al. (2019)

Aspergillus flavus B1 and B2 aflatoxins Campos et al. (2017); Ghali et al. (2009); 
Hernández-Martínez and Navarro-Blasco (2015); 
Liu et al. (2021)

Fusarium 
sporotrichioides

T-2 toxin Ostry et al. (2020); Yli-Mattila et al. (2011)

Fusarium 
graminearum

Deoxynivalenol, 
zearalenone

Shao et al. (2021); Wang et al. (2020); Williams 
et al. (1994)

F. verticillioides 
(Fusarium 
moniliforme)

Fumonisin B1 Chen et al. (2021); Hu et al. (2021)

Penicillium 
verrucosum

Ochratoxin A Meerpoel et al. (2021); Park et al. (2019)

Aspergillus ochraceus Ochratoxin A Park et al. (2019); Paterson and Lima (2010)
Penicillium expansum Patulin Hermosillo et al. (2015); Xing et al. (2021)
Claviceps purpurea Ergot alkaloids Králová et al. (2021); van der Linde et al. (2016)
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species because it produces one of the most toxic mycotoxins in the genus, FB1 
(other frequently studied mycotoxins are FB2 and FB3). According to IARC, it is 
classified within Group 2B as a possibly carcinogenic substance in humans, associ-
ated with liver and esophageal cancer (Luo et al. 2018; Serrano-Coll and Cardona- 
Castro 2015).

Ochratoxins are metabolites produced by species like A. ochraceus and P. ver-
rucosum (Clemente et al. 2017). Five types of ochratoxins have been described: A, 
B, C, α, and β. The most toxic is ochratoxin A, which is considered a possibly car-
cinogenic substance, classified within Group 2B according to the IARC (González- 
Osnaya et al. 2006). It is associated with nephrotoxic, mutagenic, and carcinogenic 
effects (Omotayo et al. 2019). A. ochraceus has been frequently isolated from pea-
nuts, green coffee, grapes, and soybeans (Clemente et al. 2017). Through a micro-
scope, finely rough globose conidia are observed as well as rough hyphae 3.5 μm 
conidiophore, and from the globose vesicle, chains of conidia radiate with a 
phialides of 5 μm (Borges et al. 2011; Guarniz-Benites and Valdez-Arana 2019). 
P. verrucosum is found in salty food. Many isolates of this species have been reclas-
sified due to their notable similarity. A polyphasic approach is necessary to classify 
and identify the species of this genus (Cabañes et  al. 2010; Coton et  al. 2019). 
Fungal colonies are opaque to dark green and grow from 0 to 30 °C (Pitt 2014). In 
its micromorphology, P. verrucosum presents septate hyphae with finely rough 
walls, terverticylated conidiophores, and spherical spores with smooth walls in 
unbranched chains (Guarniz-Benites and Valdez-Arana 2019).

14.4  Food Mycotoxins and its Toxicological Effect

The Food and Agriculture Organization (FAO) suggested that mycotoxin contami-
nation affected 25% of crops worldwide (FAO 2015). However, due to the improve-
ment and sensitivity of analytical technology and methods, we now know that 
contamination levels are actually 60–80% due to fungal growth and mycotoxin pro-
duction influenced by climatic conditions, relative humidity, the presence of water, 
temperature, and inadequate storage (Eskola et al. 2020; Juan et al. 2020). In addi-
tion, insects and other pests are compromising food security worldwide, causing 
large losses of stored grains. Some of the products contaminated by mycotoxins are 
presented in Table 14.2.

Drought conditions, cultivation systems, and some agronomic practices can gen-
erate stress in plants, increasing their susceptibility to fungal contamination. These 
conditions determine the severity of mycotoxin infection (Pinotti et al. 2016). The 
presence of toxigenic fungi and mycotoxins is not the same between crops, since the 
species and strains maintain various capacities to infect a specific host plant (Perrone 
et al. 2020). Given the importance of these toxic metabolites to global health, toler-
ance levels have been regulated in several countries. Table 14.3 reports the maxi-
mum content safe for human consumption of the most essential mycotoxins in 
cereals and products based on regulated tolerance levels.
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Mycotoxin concentrations among crop fields, food storage, and products for 
sale are uneven and are dependent on fungal growth characteristics (Zhou et al. 
2020). These concentrations are now considered a global challenge due to the 
strategies used for their management in crops. New and emerging strains in food 
and feed have generated worldwide concern. There is evidence of new fungal 
genotypes with higher levels of aggressiveness and altered production of 

Table 14.2 Main mycotoxins found in food

Mycotoxin Food product detected References

Aflatoxin Peanut, corn, wheat, nuts, milk, eggs, white 
cheese, spices, figs, sorghum, pistachios, 
coffee

Adegbeye et al. (2020); Ghali 
et al. (2009); Liu et al. (2021); 
Móricz et al. (2007); Paterson 
and Lima (2010)

Ochratoxin A Wheat, dried fruit, barley, oats, rye, barley, 
corn, rice, dried beans, cheese, pork, coffee, 
raisins, grapes, nuts, wine, cocoa, fresh 
sweet peppers, herbal medicines

Meerpoel et al. (2021); Park 
et al. (2019); Paterson and Lima 
(2010); Zhai et al. (2021)

Patulin Apples, pears, and their by-products Huang and Peng (2021); 
Paterson and Lima (2010); Xing 
et al. (2021)

Trichothecenes Corn, wheat, barley, oats Aniołowska et al. (2021); 
Paterson and Lima (2010)

Zearalenone Corn, wheat, granulated commercial feed Wang et al. (2020); Paterson and 
Lima (2010)

Table 14.3 Maximum level of mycotoxins in cereals and their by-products for human consumption

Mycotoxin Cereals and by-products Regulator1
Maximum 
level References

Aflatoxin B1 Cereals EC 2 μg/kg Pinotti et al. (2016)
Total aflatoxins NOM 20 μg/kg Reyes Velázquez 

et al. (2009)
Cereals EC 4 μg/kg Pinotti et al. (2016)

Deoxinivalenol Raw corn, except for raw 
corn intended to be 
processed by wet milling

EC 1750 μg/kg Pinotti et al. (2016)

Zearalenone Raw corn, except for raw 
corn intended to be 
processed by wet milling

EC 350 μg/kg Pinotti et al. (2016)

Ochratoxin A Cereals EC 5 μg/kg Ravelo Abreu et al. 
(2011)

Derivatives made from 
cereals

EC 3 μg/kg Ravelo Abreu et al. 
(2011)

Fumonisins 
B1 + B2 + B3

Corn by-products FDA 2 mg/kg Chen et al. (2021)

Fumonisins 
B1 + B2

Unprocessed corn EC 4 mg/kg Chen et al. (2021)

EC The European Commission, FDA Food and Drug Administration, NOM Official Mexican 
Standard
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mycotoxins due to the ability of fungi to adapt to changing conditions (Moretti 
et al. 2019; Perrone et al. 2020).

Mycotoxin’s primary effects on human and animal health are immunotoxic, tera-
togenic, nephrotoxic, and carcinogenic (Fig.  14.1). Due to their adverse health 
effects, the most studied mycotoxins are aflatoxins, ochratoxin A, fumonisins, 
trichothecenes, and zearalenone (Kalagatur et al., 2020; Omotayo et al. 2019). For 
example, the aflatoxigenic fungi found in peanuts and corn crops could cause up to 
20% of liver cancers worldwide (Laursen 2014).

Metabolites easily penetrate the cell membrane and cause genome-producing 
mutations in the nucleotide sequence (Dey et  al. 2021). Thus, chronic toxicity 
begins; it is commonly associated with mycotoxin exposure. As a consequence of 
low-dose exposure for a prolonged period, most cases develop cancer in various 
organs. Aflatoxin residues are retained in animal tissues creating risks to human 
health due to consumption of contaminated food (Dey et  al. 2021; Selim et  al. 
2014). Table  14.4 shows some of the toxic effects caused by the most studied 
mycotoxins.

Because mycotoxins possess lipophilic properties and are able to bind with 
plasma proteins, they can persist in the body when there is chronic or repeated expo-
sure (Sirot et al. 2013). In many countries, mycotoxins are strictly regulated based 
on their carcinogenicity and toxicity; they exhibit different toxicities in varying 
doses (Zhou et al. 2020). In recent studies, it has been shown that the most affected 
organs are the liver and intestines because they are the first defense in the body 

Fig. 14.1 Pathways of exposure to mycotoxins in humans and animals, and main health effects
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against toxins. Therefore, they carry out an extremely vital role in the metabolism 
of metabolites (Dey et al. 2021).

During childhood, exposure to food contaminants can affect health over the com-
ing years. Breastfeeding mothers can transfer aflatoxin M1 (AFLM1) to their babies 
through their milk (Braun et al. 2020). This metabolite remains the hydroxylated 
product of AFB1 and represents a serious health issue. The IARC has classified it in 
Group 2B as a possibly carcinogenic substance for humans. Equally dangerous is a 
high susceptibility to affected babies to suffer low body weight, elevated metabolic 
rate, lower detoxifying capacity, and incomplete development of vital organs and 
nervous system tissues (Cantú-Cornelio et al. 2016).

14.5  Influence of Climate Change on Mycotoxin Production

According to the World Meteorological Organization (WMO), the annual global 
temperature average is expected to increase in the next 5 years (2020–2024) at least 
1 °C above pre-industrial (1850–1900) levels. However, there is a 20% probability 
that this rise will exceed 1.5  °C in at least 1 year (WMO 2020). This change is 
caused by anthropogenic activities like agriculture intensification, fossil fuel com-
bustion, and excess use of chemical fertilizers, all actions that increase the emis-
sions of nitrous oxide, ammonia, and CO2 (Chourasiya et  al. 2021). In addition, 

Table 14.4 Mycotoxins’ main health effects

Mycotoxin Health effect Reference

Aflatoxin Hepatotoxic, immunotoxic, mutagenic, 
teratogenic, and carcinogenic

Ghali et al. (2009); Hernández- 
Martínez and Navarro-Blasco (2015); 
Liu et al. (2021); Móricz et al. (2007); 
Omotayo et al. (2019); von Hertwig 
et al. (2020)

Ochratoxin A Carcinogenic, genotoxic, 
immunosuppressive, teratogenic, 
nephrotoxic, neurotoxic, and inducer of 
lower urinary tract disease

Meerpoel et al. (2021); Omotayo 
et al. (2019); Park et al. (2019); Sakin 
et al. (2018)

Fumonisin Carcinogenic, hepatotoxic, 
nephrotoxic, neurotoxic, reproductive 
toxicity, and immunosuppressive

Chen et al. (2021); Hu et al. (2021); 
Omotayo et al. (2019)

Deoxinivalenol Nausea, vomiting, diarrhea, inhibits 
protein synthesis, reproductive effects, 
and toxicosis

Omotayo et al. (2019); Shao et al. 
(2021)

Trichothecenes Hepatotoxic, genotoxic, nephrotoxic, 
cytotoxic, and immunosuppressive

Lemos et al. (2021); Omotayo et al. 
(2019)

Zearalenone Carcinogenic, hormonal imbalance, 
and reproductive effects

Omotayo et al. (2019)

Patulin Neurotoxic, hepatotoxic, nephrotoxic, 
mutagenic, teratogenic, and 
immunosuppressive

Huang and Peng (2021); Omotayo 
et al. (2019); Xing et al. (2021)
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more frequent extreme weather events including heat waves, droughts, and floods 
establish circumstances that cause existing infectious microorganisms to flourish 
and new infections to emerge. Furthermore, in many regions, the myriad conse-
quences of climate change drive mass intra- and international human migration, 
which disturbs the regional healthcare infrastructure and the habitats of microbes, 
vectors, and animal reservoirs (Coates and Norton 2021).

Expected global climate change includes an increase in temperature and modifi-
cations in rainfall patterns which shift the range of species, even in presently colder 
regions. For instance, CO2 level has increased from 280 to 400 ppm, a rise which 
has contributed to global warming effects (Chourasiya et  al. 2021; Nesic et  al. 
2015). Local farming communities fortunately possess enough experience to pro-
duce groups of productive crops in the new, warmer environment. If the climate 
shifts further from now, more adjustments to current practices will be needed to 
maintain productivity (Chakraborty et al. 2021).

Ultimately, the shifting of farming and other agricultural practices under global 
climate change will modify the outcome of plant-soil microbe interactions. 
Environmental disturbances can cause changes in microbial community structures, 
affecting the ecosystem’s functioning (Kaisermann et al. 2015). In tropical and arid 
regions where atmospheric temperatures are close to crop physiological maximums, 
elevated temperatures are more immediately damaging by increasing heat stress and 
water loss by evaporation (Chakraborty et al. 2021). Moreover, climate represents 
the principal driver in agroecosystems, with temperature and relative humidity 
being key environmental factors (Fig. 14.2) in the colonization of mycotoxigenic 
fungi and mycotoxin production (Peter Mshelia et  al. 2020; Perrone et  al. 2020; 
Valencia-Quintana et al. 2020).

14.5.1  Temperature

Related to fungal growth, some species were found to be affected solely by tem-
perature, while others were affected by a joint impact of both temperature and rain-
fall. Climate change was also found to influence morphological alterations in fungal 
spores. For example, at the beginning of autumn, fungi are driven toward greater 
water accumulation, resulting in size enlargement. On the other hand, spores pro-
duced toward the end of the season are characterized by a reduction in size. Fungal 
spore seasons were shorter when fungi encounter propitious weather conditions that 
facilitated their growth, spore production, release, and dispersal (Kauserud et  al. 
2011; Sadyś et  al. 2016). Indeed, Sadyś et  al. (2016) reported elevated levels of 
highly allergenic Alternaria and Cladosporium species, as well as other fungi, in the 
following next two decades (2016–2036).

Abiotic factors can stimulate or inhibit mycotoxin production; climate change 
affects the host-pathogen interaction that favored it (Desai et al. 2020; Janik et al. 
2020). For example, a toxigenic fungi could disappear from the environment but 
appear in another region previously not at risk (Perrone et al. 2020). It has been seen 
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that the interaction of these two factors – mycotoxigenic fungi and climate – can 
stimulate or suppress the biosynthetic genes involved in mycotoxins’ production 
(Abdelmohsen et al. 2021; Medina et al. 2017).

Temperature increases metabolic processes and biomass of plants and microor-
ganisms within their respective biological limits (Beauchamp et al. 1992), and con-
sequently may modify interactions between them. Temperature represents a key 
factor influencing composition and functioning of soil microbiota (Landa et  al. 
2013). Bailly et al. (2018) reported that hot and dry climatic conditions favored the 
production of aflatoxins in France. They observed that 6% of fields and 15% of corn 
silos sampled were contaminated. Furthermore, Abdelmohsen et  al. (2021) men-
tioned that Penicillium verrucosum’s growth and survival required three abiotic fac-
tors: temperature, CO2, and matrix/solute stress (which are related with the climate 
they interact). Fusarium exists in soil and crop residues for a longer time than other 
fungi; plant stress due to drought is one of the foremost factors that increases its 
severity. Aspergillus ear rot is another plant disease in the drought-prone, nonirri-
gated cornfields. This condition is primarily caused by Aspergillus flavus and 
A. parasiticus (Chakraborty et al. 2021). The extremely elevated temperatures in 

Fig. 14.2 Environmental factors that influence the proliferation of mycotoxigenic fungi and 
mycotoxin production
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summer, along with the prolonged heat wave in tropical and even higher latitudes, 
have contributed to widespread trouble in the world cereal markets (Chakraborty 
et al. 2021).

14.5.2  Water Availability

Floods preceded by droughts represent a threat to agriculture and food safety since 
they affect crop production and the supply and quality of food and feed, as well as 
negatively impacting plants’ physiology (Lee et al. 2018; Nesic et al. 2015; Yazid 
et  al. 2020). Moisture conditions boost the spread of weeds and their biomass, 
which constitute a menace for crop production. The soilborne microbial diseases 
and pests, like certain mycotoxins, increase as moisture content does. This situation 
directly causes worsening of crop annual production. When atmospheric water con-
tent increases, fungal species regenerate from spores present in agricultural soils, 
affecting more significantly the crops growing in it, for example, foliar fungal dis-
eases in wheat (Chakraborty et al. 2021).

There is much convincing evidence of the substantial effect that water availabil-
ity has on microbial survival in soil and plant growth. In fact, water availability, 
irrigation regimes, and drought stress may affect several soil properties and directly 
or indirectly affect fungal activities that are of ecological significance such as per-
colation, adsorption/desorption, growth rate, sedimentation, chemotaxis, motility, 
and transport through different soil types (Landa et al. 2013). Moreover, seawater 
inundation in the coastal regions remains another problem in field irrigation. This 
may be managed by producing salt-resistant plants like some paddy varieties. 
Finally, high-speed winds caused by monsoons or hurricanes can spread, over thou-
sands of kilometers, fungal spores for diseases, like stem rust in wheat caused by the 
pathogen Puccinia graminis (Chakraborty et al. 2021).

14.5.3  Soil Composition

A key aspect to remember is that change in soil composition is positively correlated 
to air temperature. Moreover, soil composition is a function of its water content. The 
higher the soil water content, the lower the temperature. Hence, soil temperature 
represents a function of crop water uptake and, consequently, of crop cycle dura-
tion; the latter shortens when the temperature is optimal for plants. Further, air tem-
perature may frequently reach values above the optimum for an organism’s growth. 
Soil acts as a buffer, that is, compared to the air temperature, there will be a mark-
edly lower temperature increase in the top layer and below. In other words, when 
considering short- to medium-term time horizons, the range of fluctuation of soil 
temperature tends to be still either below or close to the optimum. Consequently, in 
most of the conditions evaluated, the growth rates of organisms in the soil are rarely 
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projected to decrease. Unfortunately, the opposite is true for the aboveground organ-
isms where decline is frequent at the most elevated temperatures (Manici et al. 2014).

There is an evidence that some fungal species responses to diverse environmen-
tal conditions could be very heterogeneous, potentially increasing their harmfulness 
(Broders et al. 2009). This leads to considering soilborne fungal pathogens as com-
ponents in the complexity of crop-climate-environment interactions, which makes 
projecting the net outcome of climate change in agriculture difficult. Soilborne fun-
gal pathogens remain the causal agents of root rot in herbaceous and fruit tree crops 
and represent the critical biotic components of yield decline in intensively cultivated 
areas. Their specific impact on yield losses is not easy to evaluate, given the difficul-
ties in distinguishing their role from, for example, unfertile soil or abiotic stresses. 
Moreover, soilborne pathogens can reduce crop quality in both direct and indirect 
ways (Manici et al. 2014). Therefore, if global warming continues, fungal species 
will display a larger response with an earlier start of mycelium growth but with typi-
cally lower and belated to spore production. Such phenological changes may have 
important implications on fungal communities from the biodiversity perspective 
(Damialis et al. 2015).

14.6  Conclusion

Climate change is crucial to the proliferation of mycotoxigenic fungi and the pro-
duction of mycotoxins. It can generate disturbances that modify the microbial eco-
system, making the regions previously considered suppressive for the production of 
mycotoxins now propitious for these metabolites. Hence, climate change has a vast 
impact on toxigenic fungi and their metabolites.

In addition, mycotoxins compromise food safety, causing serious public health 
problems up to and including death. In most cases, chemicals harmful to the envi-
ronment are used to eliminate the fungi. Currently, however, the aim of many farm-
ers is to guarantee food free from agrochemicals and toxins. Therefore, there is a 
great need for the application of innovative control measures to reduce the level of 
pesticides and mycotoxins in food products. Discovering new control methods that 
have low or no toxicity and little persistence in the environment is of utmost rele-
vance and must be a priority worldwide.
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EORTC/MSGERC The European Organisation for Research and Treatment of 
Cancer and the Mycoses Study Group Education and 
Research Consortium

FDA Food and Drug Administration
GM Galactomannan
HIV Human immunodeficiency virus
HRM High resolution melting analysis
IA Invasive aspergillosis
IC Invasive candidiasis
IFIs Invasive fungal infections
IHAG International Histoplasmosis Advocacy Group
ITS Internal transcribed spacer
MALDI-TOF MS Matrix-assisted laser desorption/ionization time-of-flight 

mass spectrometry
NGS Next-generation sequencing
PCP Pneumocystis jirovecii pneumonia
PNA-FISH In situ hybridization using fluorescently labeled nucleic 

acid probes
qPCR Quantitative PCR amplification
SNPs Single nucleotide polymorphisms
VOCs Volatile organic compounds
WGS Whole genome sequencing

15.1  Introduction

Fungi emerged about 1.6 million years ago, and it is considered that, on planet 
earth, there are approximately two million species, of which only a small percentage 
have been formally described. Only around 600 species have been described as 
responsible for any disease, and less than 30 of them are responsible for 99% of 
infections in humans (Leading International Fungal Education 2021).

Most fungi grow well at temperatures between 12 and 30 °C; however, there is a 
wide range of temperature tolerance among different species. Fungal infections 
comprise a wide variety of clinical presentations ranging from superficial to severe 
deep infections, which are characterized by the ability of the fungus to grow at 
human body temperature (thermotolerance at 37 °C). Most environmental fungi are 
not able to grow at this temperature, so it has been argued that human body tempera-
ture, as well as the immune system, provides resistance or protection against many 
ubiquitous fungi. Increased environmental temperature could mean an advantage in 
the selection of thermotolerant fungi existing in the environment and, therefore, 
lead to increased exposure of humans (Rickerts 2019).

Invasive fungal infections have become increasingly important with the emer-
gence of immunosuppressive diseases and treatments. Among invasive fungal infec-
tions (IFIs), invasive candidiasis (IC) accounts for 70% of all IFIs, followed by 
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cryptococcosis (20%) and aspergillosis (10%). However, we cannot ignore P. jirove-
cii, responsible for a considerable percentage of infections in patients with human 
immunodeficiency virus (HIV) infection, as well as endemic mycoses caused by 
Histoplasma, Coccidioides, Paracoccidioides, and Blastomyces, which also play an 
important role. Also, the recent increase in IFIs caused by Zygomycetes, 
Scedosporium, and Fusarium is a cause for concern (Ibáñez-Martínez et al. 2017).

Candida and Pneumocystis are commensal fungi that live on human skin and 
mucous membranes, and behave as opportunistic pathogens in immunosuppressed 
patients, while Aspergillus, Cryptococcus, Histoplasma, Coccidioides, 
Paracoccidioides, and Blastomyces are fungi that are mainly found in the environ-
ment; therefore, they are exposed to environmental and climatic factors to which 
they must adapt if these undergo changes. Significant changes in the epidemiology 
of systemic mycoses, possibly related to climate change, have been described in the 
last 20 years, for example, the simultaneous and independent appearance of C. auris 
on three continents; the appearance of Cryptococcus gattii as responsible for cryp-
tococcosis in regions with warm climates where it had not previously been reported; 
the extension of endemic areas of Histoplasma capsulatum; the increased incidence 
of blastomycosis in humans and dogs due to selection of thermotolerant fungi in the 
environment; increased numbers of human cases of coccidioidomycosis following 
extreme weather conditions such as sandstorms resulting in increased release of 
infectious particles from the soil; and climatic variability correlating with the fre-
quency of cases of paracoccidioidomycosis (Rickerts 2019).

Traditional diagnostic methods, such as culture and histopathology, are consid-
ered the reference standard for the diagnosis of IFI; however, they have low sensitiv-
ity and require prolonged time, even weeks, to observe development. On the other 
hand, tests such as galactomannan detection for the diagnosis of aspergillosis, 
(1,3)-β-D-glucan (BDG) for the detection of Candida spp. and other fungi, as well 
as antigen detection tests for Cryptococcus spp., H. capsulatum, and other dimor-
phic fungi have established themselves as important diagnostic approaches (Ibáñez- 
Martínez et  al. 2017) and are increasingly being implemented in routine clinical 
practice given their high performance and the rapidity with which results are 
obtained. All these tests have enabled the diagnosis of specific diseases, for which 
there must be a high clinical suspicion of the organism causing the infection. 
However, with the emergence of new fungal species in the clinical setting, there is 
an urgent need for tools that allow the detection of a broad spectrum of unknown 
fungal species.

Next-generation sequencing (NGS) is a culture-free molecular tool that allows 
amplification of specific targets or whole genome sequencing (WGS). This tool has 
been widely used in the research field. The great advantage of WGS is that it can be 
applied directly to the patient’s sample; allows the detection and identification not 
only of a particular or specific organism, but of many organisms, which may or may 
not be known; and allows the detection of virulence or resistance factors, giving all 
these the opportunity to perform microbiome analysis, taxonomic analysis, out-
break analysis, characterization, and surveillance of pathogens, all from the results 
of a single test (Deurenberg et al. 2017).

15 New Tools in Laboratory Diagnosis of Invasive Fungal Infections



260

The following are the methods available for diagnostic use and some of those 
that are in more advanced stages of validation for the diagnosis of IFIs caused by the 
fungi currently known to be the main culprits of IFIs.

15.2  Laboratory Diagnosis of Invasive Fungal 
Candida Infection

Bloodstream infections caused by Candida spp. are serious and prevalent nosoco-
mial infections worldwide, and despite the availability of antifungals, mortality 
reaches 30–70% in some settings, partly due to delayed diagnosis (Garey et al. 2006).

There are different tests available for the diagnosis of invasive fungal infections 
by Candida spp. (Table 15.1). Blood culture remains the reference or gold standard 
method for the diagnosis of candidemia despite its low sensitivity (50–60%) 
(Ibáñez-Martínez et al. 2017). Currently, there is a wide variety of commercial sys-
tems, manual and automated, for the identification of Candida spp. each with their 
own advantages and disadvantages (Neppelenbroek et al. 2014). However, among 
the most widely distributed are the automated VITEK 2 system (bioMérieux, Marcy 
d’Etoile, France), and the recently introduced matrix-assisted laser desorption/ion-
ization time-of-flight mass spectrometry (MALDI-TOF MS). The VITEK 2 system 
allows the correct identification of the main Candida spp. responsible for IFIs 
(Ochiuzzia et  al. 2014), as well as the determination of antifungal susceptibility 

Table 15.1 Diagnostic tests for invasive fungal infection by Candida spp.

Method Samples Results Sensitivity Specificity

Detection and identification directly from positive blood culture

PNA-FISH In situ hybridization 
using fluorescently 
labeled nucleic acid 
probes

Positive 
blood 
culture

90 min 92.3–100% 
depending on 
the species

94.8–100% 
depending on 
the species

FilmArray 
sepsis

Multiplex real-time 
PCR assay

Positive 
blood 
culture

70 min 100% 100%

MALDI- 
TOF MS

Mass spectrometry Positive 
blood 
culture

30 min 96% 97.5–98%

Molecular tests directly from blood sample

T2Candida 
Panel

T2 magnetic resonance Blood 3–5 h 91.1% 99.4%

SeptiFast Multiplex real-time 
PCR assay

Blood 3.5–5 h 43–95% 60–100%

MagicPlex 
Sepsis

Multiplex real-time 
PCR assay

Blood 3.5–5 h 37–65% 77–92%

SepsiTest PCR and Sanger 
sequencing

Blood 8–12 h 21–85% 58–95%
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(Borghi et al. 2010). On the other hand, MALDI-TOF MS is being widely used in 
the identification of microorganisms by protein analysis through the creation of a 
genus- and species-specific mass spectrum and has come to revolutionize identifica-
tion, since results are obtained in just a few minutes, with high specificity. It has 
high percentages of correct identification (97.5%) when compared to nucleotide 
sequencing (Sendid et al. 2013). The identification directly from the positive blood 
culture represents a great advantage since it provides results 24–72 hours earlier 
than conventional subculture-based methods (Spanu et al. 2012). Unfortunately, the 
number of protein spectra contained in the MALDI-TOF databases is limited, so in 
many cases identification is not possible (Sendid et al. 2013).

Molecular methods for identification from positive blood culture include in situ 
hybridization using fluorescently labeled nucleic acid probes (PNA-FISH), which 
has allowed direct identification of the five most frequent Candida spp. in approxi-
mately 90 min. The assay has high sensitivity and specificity and is approved by the 
Food and Drug Administration (FDA) and the Conformité Européenne (CE) for 
diagnostic use (Stone et al. 2013). On the other hand, the FilmArray sepsis (bio-
Mérieux, Marcy l’Etoile, France) is a system that also allows direct identification 
from yeast-positive blood culture by a multiplex polymerase chain reaction (PCR) 
that detects 24 etiological agents of sepsis. It requires 5  min of handling, and 
approximately 60 minutes to obtain results. This assay has a sensitivity and specific-
ity of 100% for the Candida spp. included in the panel (Simor et al. 2018).

Regardless of the laboratory’s identification system, the user must ensure that the 
laboratory can identify C. auris, which is a species capable of causing serious infec-
tions and hospital outbreaks, colonizing patients for many months, and persisting in 
the environment and is multidrug-resistant (Center for Disease Control and 
Prevention 2020).

The use of molecular techniques for DNA amplification directly from blood 
samples is the best option to achieve substantial reduction in turnaround time. 
Currently, there are many multiplex PCRs, several of which are CE labeled; how-
ever, only one—T2Candida Panel—has FDA approval. The T2Candida Panel is the 
first and only FDA-cleared assay to detect and differentiate the five most common 
Candida species directly from whole blood samples, providing results in as little as 
3–5 h. The T2Candida is a fully automated multiplex PCR-based system and has an 
overall sensitivity greater than 90% (Pfaller et al. 2016). The LightCycler SeptiFast 
(Roche Molecular System, Germany), another automated multiplex PCR amplifica-
tion system, can identify, directly from the blood sample, 25 microorganisms 
(including Candida spp. and Aspergillus fumigatus) responsible for approximately 
90% of all bloodstream infections. Sensitivity and specificity for this assay are vari-
able, probably because the patient groups studied are quite different (Opota et al. 
2015). The Magicplex Sepsis real-time test (Seegene, Korea) detects more than 90 
pathogens, including six fungi (C. albicans, C. tropicalis, C. parapsilosis, C. gla-
brata, C. krusei, and A. fumigatus). The sensitivity of this PCR is extremely low 
(37–65%), and the specificity is moderately acceptable (77–92%) (Opota et  al. 
2015). The SepsiTest (Molzym, Bremen, Germany) is a semiautomated broad-range 
PCR-based system using universal oligonucleotides targeting bacterial and fungal 
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rRNA. The system requires several nonautomated processes, which delay the result 
and increase the risk of sample contamination, and its sensitivity and specificity are 
highly variable (Opota et al. 2015). The latter molecular methods require extensive 
validations in the clinical setting to determine the performance of each of them.

15.3  Laboratory Diagnosis of Invasive 
Pulmonary Aspergillosis

Aspergillosis constitutes a spectrum of diseases ranging from noninvasive forms to 
invasive pulmonary aspergillosis, with possible dissemination in immunocompro-
mised hosts. Despite advances in the diagnosis and treatment of these infections, 
mortality rates remain high, especially in immunocompromised hosts (Denning 
1996). Diagnosis of this infection remains a challenge and requires a high index of 
clinical suspicion.

There are different diagnostic tests for invasive pulmonary aspergillosis 
(Fig. 15.1). The gold standard in the laboratory diagnosis of invasive aspergillosis 
(IA) remains detection by culture or observation by histopathology; however, one 
test that has been critical is the detection of galactomannan (GM) (Donnelly et al. 
2020). The GM antigen is a component of the cell wall of Aspergillus, so its detec-
tion has been quite useful for the diagnosis of invasive aspergillosis, although it is 
also a component found in the cell walls of H. capsulatum and Fusarium spp. 
(Tortorano et al. 2012).

The Platelia GM-EIA assay (Platelia Aspergillus EIA Bio-Rad) is an immunoas-
say that allows the detection of GM in both serum and bronchoalveolar lavage 
(BAL). The sensitivity and specificity of GM-EIA vary greatly depending on the 

Fig. 15.1 Laboratory diagnosis of invasive pulmonary aspergillosis. VOCs volatile organic com-
pounds, BAL bronchoalveolar lavage
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population studied, being higher in patients with hematological malignancies. The 
determination in serum has a sensitivity of 70% and a specificity of 92%, while in 
BAL is 82% and 92%, respectively. However, when this test is performed in patients 
without neutropenia, the sensitivity can range from 44% to 90% (Cadena et al. 2016).

On the other hand, one of the recently introduced methods is the detection of 
Aspergillus by lateral flow tests, which have come to revolutionize the diagnosis of 
fungal infections, since the detection is performed directly on the clinical sample in 
just a few minutes, and in many cases, without the need for special laboratory equip-
ment. This test consists of a sandwich immunochromatographic assay that uses 
monoclonal antibodies to detect the extracellular glycoprotein antigen or GM 
secreted by actively growing Aspergillus. It is designed in an individual format, 
which allows the sample to be analyzed at the time it arrives at the laboratory. This 
test has a sensitivity and specificity for proven/probable aspergillosis in solid organ 
transplant recipients of 86% (95% CI, 76–93%) and 93% (95% CI, 89–96%), 
respectively (Heldt and Hoenigl 2017).

PCR detection of Aspergillus is advised if the recommendations of the European 
Aspergillus PCR Initiative (EAPCRI) regarding the method of DNA extraction from 
blood, serum, and plasma samples are followed (White et al. 2010). There are mul-
tiple commercial PCR platforms for the detection of Aspergillus directly in clinical 
samples: MycoGENIE (Ademtech), AsperGenius (PathoNostics), Fungiplex 
(Renishaw), and SeptiFast (Roche), which are validated for blood, BAL, and even 
biopsy samples (MycoGENIE). Most of them have a standardized amplification 
system which, when combined with EAPCRI recommendations, provides a fully 
standardized approach (Ibáñez-Martínez et  al. 2017). The AsperGenius real-time 
multiplex PCR can detect all clinically relevant Aspergillus species directly from 
BAL, serum, and plasma samples. In addition, it can detect, using fluorescent probes 
and melting curve analysis, the most prevalent mutations (TR34/L98H and TR46/
Y121F/T289A) in the cyp51A gene that confer azole resistance. Its overall sensitiv-
ity, specificity, PPV, and NPV are 84.2%, 91.4%, 76.2%, and 94.6%, respectively 
(Chong et al. 2015). When GM and PCR tests are performed in patients at high risk 
for invasive aspergillosis (IA), and both are negative, the need for antifungal agents 
can be obviated with a negative predictive value of 100%, while the presence of at 
least two positive results is highly suggestive of active infection with a positive 
predictive value of 88% (Arvanitis et al. 2015).

Recently, interest has arisen in the measurement of volatile organic compounds 
(VOCs) in the breath of patients with suspected IA. This test has the great advantage 
of being noninvasive unlike tests that require samples such as BAL or biopsies.

A. fumigatus produces a wide variety of VOCs, among which, four (α-trans- 
bergamotene, β-trans-bergamotene, β-vatirenene, and trans-geranylacetone) have 
been able to differentiate patients with and without IA with 94% sensitivity and 
93% specificity (Koo et al. 2014). Unfortunately, the number of studies related to 
VOCs is very scarce; therefore, extensive validations are still required to better 
understand the true performance of the test in different populations, to determine if 
there is any relationship between the production of these compounds and the size of 
lung lesions, to understand the interaction of these VOCs with antifungal agents or 
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other drugs, as well as to identify the profile of these compounds to differentiate 
between colonized and infected patients.

15.4  Laboratory Diagnosis of Cryptococcus Infection

Cryptococcosis is an infection caused by Cryptococcus neoformans and 
Cryptococcus gattii. Cryptococcosis is responsible for 15% of deaths in HIV 
patients (Rajasingham et  al. 2017). Early diagnosis of cryptococcal infection is 
critical to improve clinical outcomes. Culture, although the gold standard in diagno-
sis, has low sensitivity (Abassi et al. 2015). The recent introduction of tests such as 
antigen detection and DNA detection by PCR has greatly improved the diagnosis of 
this infection. The detection of C. neoformans and C. gattii capsular antigen in 
serum, plasma, blood, and cerebrospinal fluid (CSF) by lateral flow-based testing 
has greatly improved the diagnosis of cryptococcosis. It is an easy test, is quick to 
perform, and has demonstrated an overall sensitivity greater than 99% (Rajasingham 
et al. 2019).

Molecular detection of Cryptococcus directly from a CSF sample has also come 
to play an important role in the diagnosis of cryptococcosis. The FilmArray menin-
gitis/encephalitis panel (bioMérieux, Marcy l’Etoile, France) consists of a multiplex 
PCR that detects not only Cryptococcus but also the 14 main pathogens (bacteria, 
viruses, and fungi) causing central nervous system infections. It has high sensitivity 
and specificity and is FDA and CE approved (Rhein et al. 2016).

15.5  Laboratory Diagnosis of Pneumocystis 
Jirovecii Infection

P. jirovecii pneumonia (PCP) is a life-threatening fungal infection in immunocom-
promised patients (Cordonnier et al. 2016). Among the most recently implemented 
laboratory tests for the diagnosis of PCP are BDG detection and DNA amplifica-
tion by PCR.

(1,3)-β-D-Glucan is an important component of the fungal cell wall and is found 
in the serum of patients with different fungal infections, including IC, IA, invasive 
fusariosis, and P. jirovecii infection, so its detection is not specific to a particular 
infection (Yoshida et al. 1997). BDG detection is adequate to diagnose probable IFI, 
if it is performed considering the patient’s risk factors. A cutoff point >80 pg/mL is 
recommended to determine positivity, provided it is performed with the Fungitell 
test (Associates of Cape Cod, Falmouth, MA). Confidence in obtaining true positive 
results increases with repeat positive tests and with values well above the threshold 
for positivity. However, test results should always be interpreted in the context of 
the clinical characteristics of the individual patient (Donnelly et al. 2020).
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P. jirovecii can colonize the respiratory tract, so it can be detected by DNA 
amplification methods such as PCR (Maskell et al. 2003). To differentiate between 
colonization and pneumonia, quantitative PCR amplification (qPCR) is preferred, 
since the higher the fungal load, the higher the probability that the diagnosis is 
pneumonia. A CT value greater than 35 excludes PCP, while a CT value less than 31 
excludes colonization with a sensitivity of 80% and a specificity of 80% in HIV- 
negative patients (Fauchier et  al. 2016). However, further studies are required to 
validate cutoff points to differentiate colonization from disease.

Combined strategies, using qPCR and BDG detection, seem promising in the 
diagnosis of this disease, since these tests have been observed to have a high nega-
tive predictive value, resulting in the exclusion of PCP when both determinations 
are negative (Alanio and Bretagne 2014).

15.6  Laboratory Diagnosis of Disseminated Histoplasmosis

H. capsulatum infection mainly affects patients with human immunodeficiency 
virus (HIV) infection with low CD4+ cell counts (<150 cells/μL) in whom it com-
monly presents as disseminated histoplasmosis. These patients may die within a few 
weeks if not diagnosed promptly and treatment is not initiated early (Adenis 
et al. 2014).

Clinical diagnosis of histoplasmosis is challenging, especially in non-endemic 
areas, as the signs and symptoms are often nonspecific and may be indistinguishable 
from those of disseminated tuberculosis (Lofgren et al. 2012).

There are several recently introduced laboratory tests for the diagnosis of histo-
plasmosis (Fig. 15.2). The gold standard for diagnosis is isolation of the fungus by 
culture or observation of characteristic intracellular yeasts by histopathology. 
Unfortunately, the sensitivity of these is low, and culture requires several weeks of 
incubation and level 3 laboratory safety (Guimarães et  al. 2006). Urine antigen 
detection tests have high sensitivity, specificity, and a remarkable negative predic-
tive value, and results are available within hours.

Histoplasma antigen detection in urine using the clarus Histoplasma GM Enzyme 
Immunoassay kit (Immuno-Mycologics [IMMY], Norman, OK, USA), which uses 
monoclonal antibodies, has high sensitivity, specificity, and negative predictive 
value (98%, 97%, 100%, respectively) in patients with HIV and histoplasmosis. 
This kit has FDA and CE approval for in vitro diagnostic use. This test requires only 
approximately 3 h to perform (Cáceres et al. 2018; Martínez-Gamboa et al. 2021). 
On the other hand, MiraVista (MiraVista Diagnostic Laboratories) recently designed 
a lateral flow-based urine Histoplasma antigen detection test. This test has the great 
advantage of being presented in a single format, requiring less than 1 min to per-
form, and 40 min to read the result, requiring no special laboratory equipment or 
supplies, allowing it to truly function as a point-of-care test. The sensitivity and 
specificity of this test are greater than 90% (Cáceres et al. 2020; Martínez-Gamboa 
et al. 2021). In 2019, the Histoplasma antigen detection test was included in the 
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second edition of the WHO list of essential diagnostics (WHO 2019). Likewise, the 
International Histoplasmosis Advocacy Group (IHAG) has as a goal for the year 
2025 that at least one laboratory in each of the Latin American countries has avail-
able rapid tests (antigen detection or molecular test) for the diagnosis of histoplas-
mosis (Cáceres et al. 2019). Therefore, it is important that laboratories manage the 
inclusion of these tests in their diagnostic test portfolio.

For the molecular detection of Histoplasma, there are several PCRs which have 
used various molecular targets such as Hcp100, ITS, 18S, and 1281-1283220SCAR; 
however, none of them is commercially available, because they are not standardized 
or approved, so extensive validation is still required to determine which is the best 
molecular target to amplify, which is the best method of DNA extraction to use, 
which is the sample with better yields, as well as which is the best PCR platform to 
implement (Martínez-Gamboa et al. 2021).

15.7  Laboratory Diagnosis of Blastomycosis

Culture remains the standard reference method for diagnosis of blastomycosis; 
however, the organism may take several days or weeks to grow and test sensitivity 
is low (Hage et al. 2019). Other tests currently used are antibody and antigen detec-
tion. Antibody detection has the disadvantage of false negative results in acutely 

Fig. 15.2 Recently introduced tests for the diagnosis of histoplasmosis
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infected and immunosuppressed patients. On the other hand, antigen detection has 
been the most widely used test. The sensitivity reported for this, in urine samples, 
ranges from 76% to 93% and in serum from 55.6% to 82%, which also depends on 
the clinical manifestation under study (Frost and Novicki 2015). Additionally, pub-
lications on new diagnostic tests for blastomycosis are scarce. The existing molecu-
lar tests are not commercially available and have not been validated (Sidamonidze 
et al. 2012).

15.8  Laboratory Diagnosis of Coccidioidomycosis

Coccidioidomycosis is endemic to the desert regions of the southwestern United 
States, particularly Arizona and California. Between 1998 and 2012, there was a 
significant increase in human cases of the disease in both states. The incidence can 
be as high as 200 cases per one million population (Herrmann et al. 2011). Diagnosis 
of the disease is often delayed due to the lack of rapid diagnostic tests (Grys et al. 
2018). Microscopy and culture lack sensitivity. Serology is probably the most 
requested diagnostic test. Several methodologies are available, including the com-
plement fixation test, the immunodiffusion (ID) test, and, more recently, the enzyme 
immunoassay (EIA). However, none of these are sufficiently sensitive and specific, 
so the results must be interpreted in the clinical context (Laniado-Laborín et  al. 
2019). The two tests currently available for antibody detection that have FDA 
approval for diagnostic use are Meridian-EIA (Meridian Premier-EIA) and IMMY- 
EIA (IMMY) (Grys et al. 2018). The diagnosis of this disease has also been inno-
vated recently with the introduction of “point-of-care” tests (Donovan et al. 2020); 
however, further validation is required to know their actual performance.

15.9  Pan-Fungal PCR

Eukaryotic rRNA gene complex is composed of conserved and non-conserved 
regions that are phylogenetically informative. The 18S, 5.8S, and 28S ribosomal 
genes (conserved regions) are separated by internal transcribed spacer (ITS). The 
ITS and the D1/D2 region of the 28S subunit (non-conserved regions) are the most 
variable and phylogenetically informative. These sequences are considered the gold 
standard for fungal identification (Kidd et al. 2020; Perlin and Wiederhold 2017) 
and are the most widely used nowadays.

Amplification of these regions is pan-fungal, which allows the detection of most, 
if not all, fungi (including rare or new species) (Freeman Weiss et al. 2021). The 
amplification product is then subjected to sequencing, and the resulting sequence is 
compared with existing sequences in various databases (Prakash et al. 2017) to find 
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homologies and arrive at identification. One of the largest and most widely used 
databases is GenBank which contains over 500,000 ITS and 28S sequence records 
and contains sequences of at least 5000 fungal species (Wickes and Wiederhold 2018).

Pan-fungal amplification can be performed conventionally by end-point PCR 
amplification with subsequent Sanger sequencing or by using NGS. On the other 
hand, amplification can be performed from the DNA of the clinical isolate, which 
allows the identification of the organism, or it can be performed directly from the 
clinical sample, which allows both the detection and identification of the fungus 
present in it. This strategy has been widely used on isolates and has allowed the 
classification and reclassification of several species, as well as the description of 
new ones (Li et al. 2020). However, pan-fungal PCR directly from clinical samples 
for diagnostic purposes is challenging because, if performed from a non-sterile 
sample, the amplification may represent the presence of commensal fungi of uncer-
tain clinical significance (Zeller et al. 2017) or of environmental fungi that may have 
contaminated the sample. On the other hand, direct amplification from the clinical 
specimen is low, generally successful only in cases where the fungus is observed by 
histopathology. The European Organisation for Research and Treatment of Cancer 
and the Mycoses Study Group Education and Research Consortium (EORTC/
MSGERC) recommends that to establish proven invasive fungal disease, amplifica-
tion and sequencing should be performed only when the fungus is observed by 
histopathology (Donnelly et al. 2020). Pan-fungal amplification and WGS of speci-
mens where no fungal structures are observed can help establish a positive diagno-
sis as long as clinical information supports the diagnosis.

The use of pan-fungal real-time PCR in combination with high resolution melt-
ing (HRM) analysis for subsequent species identification in 104 BAL samples from 
immunosuppressed patients (including 18 patients with proven or probable invasive 
fungal diseases) allowed the amplification and identification of Candida spp., 
Aspergillus spp., and Fusarium spp. However, it was not able to detect mucoromy-
cetes. The sensitivity, specificity, positive predictive value, and negative predictive 
value of the method were 67%, 100%, 100%, and 94%, respectively. The positive 
detection of yeasts in three patients was probably due to BAL contamination of the 
oral cavity since none of these patients had evidence of a Candida spp. infection 
(Bezdicek et al. 2016).

It should be clarified that some genera require the amplification and sequencing 
of secondary or additional genes to achieve the correct discrimination between their 
species (Kidd et al. 2020). On the other hand, it should be kept in mind that although 
the databases have a large number of sequences, these only represent a minority of 
the millions of existing species on the planet, so it is not surprising that we can find 
isolates whose sequences have low levels of similarity with the existing ones, in 
which case, the suspicion of being in front of a new species is high.
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15.10  Next-Generation Sequencing

NGS, also called “high-throughput sequencing” or second- and third-generation 
sequencing, is a set of genetic sequencing techniques that improve on the original 
Sanger sequencing process, and encompasses all technologies aimed at carrying out 
massive sequencing on a large scale.

There are several companies (Illumina, Thermo Fisher, Oxford Nanopore, Pacific 
Biosciences) that have multiple and varied NGS sequencing platforms, each with 
their own particularities. Whole genome sequencing is not performed in a single 
read, so before sequencing, the DNA (human and fungal) extracted directly from 
the clinical sample undergoes fragmentation. The common or second-generation 
platforms have a read capacity ranging between 100 and 1000 bases, whereas the 
recently introduced so-called third-generation platforms (MinION, Oxford 
Nanopore and Sequel, Pacific Biosciences) can generate fragment reads as large as 
200 kb (Deurenberg et al. 2017). Read size is particularly important when sequenc-
ing, because the longer the sequence length, the larger also the genome fragment 
covered, and therefore there are fewer reads to overlap, which will facilitate assem-
bly in subsequent bioinformatics analysis. The main weakness of nanopore sequenc-
ing is the error rate, which makes this technology less accurate than common WGS 
platforms (Lu et al. 2016).

NGS is slowly moving from the research field into clinical diagnostics. Although 
the costs of these technologies have decreased dramatically in the last decade, they 
are only available at a few reference centers. The University Medical Center 
Groningen in the Netherlands is one center that introduced NGS several years ago 
for routine diagnostics. Most applications are outbreak investigation and genotyp-
ing of highly resistant microorganisms. NGS is requested, through a general work-
flow by clinical microbiologists or infectious disease specialists in collaboration 
with molecular microbiologists and infection control professionals (Deurenberg 
et al. 2017).

In the field of mycology, NGS is playing an important role in the characterization 
of new pathogens, outbreak investigation, mycobiome analysis, and detection of 
new resistance genes.

15.10.1  Characterization of New Pathogens

Candida auris is a yeast first described in 2009 when it was recovered from the 
outer ear of a patient in Japan. This Candida is multidrug-resistant, can cause large 
hospital outbreaks, and thrives at high temperatures (40 °C). C. auris is an emerging 
fungus representing a global health problem as it is now distributed on all continents 
(Center for Disease Control and Prevention 2021). C. auris is one of the examples 
where WGS has been of great help in characterizing and understanding the 
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emergence of a new fungal species that currently represents a global health prob-
lem. Chapter 10 presents detailed information regarding this microorganism.

15.10.2  Outbreak Characterization

WGS has also played an important role in identifying outbreaks, including cases of 
fungal infections caused by species without a previously established typing system. 
WGS was useful in detecting an outbreak of Exserohilum rostratum. Exserohilum 
rostratum is an ubiquitous, filamentous, thermotolerant fungus common in areas 
with abundant grasses, vegetables, and cereals. It can produce phaeohyphomycotic 
disease in both animals and humans, producing keratitis, arthritis, meningitis, and 
pulmonary or disseminated infection, especially in immunocompromised patients 
(Cruz-Choappa and Piontelli 2020). WGS was used to investigate an outbreak of 
fungal meningitis caused by this fungus following the use of a batch of contami-
nated methylprednisolone acetate injections. Analysis of 35 isolates (22 recovered 
from patients with meningitis or spinal abscesses, 6 recovered from contaminated 
methylprednisolone vials, and 7 isolates unrelated to the outbreak) revealed high 
clonality [only 8 single nucleotide polymorphisms (SNPs)] among the 28 isolates 
associated with the outbreak, while evidencing the existence of thousands of SNPs 
among the unrelated isolates, thus confirming the source of infection. This study 
confirmed the usefulness of WGS for the epidemiological investigation of fungal 
infections caused by phytopathogenic species that are rarely involved in cases of 
human infection (Litvintseva et al. 2014).

15.10.3  Resistance Mechanism Analysis

WGS analysis of five sequential Aspergillus isolates recovered from a patient with 
invasive pulmonary aspergillosis showed one mutation in 3/5 isolates, while 22 
mutations were detected in 3/3 sequential isolates from a patient with aspergilloma, 
in one of which mutations were found in the cyp51A, afyap1, and aldA genes. WGS 
also revealed dynamic alterations (a large deletion, in a region containing 11 genes), 
in one isolate from the aspergilloma patient occurring in the A. fumigatus genome 
within its host during infection and treatment (Hagiwara et al. 2014).

WGS has been used to characterize strains with resistance to amphotericin B, a 
last-line antifungal for the treatment of severe IFIs. However, although the preva-
lence of resistance is relatively low, high rates of resistance have been described in 
some countries in recent years. The mechanism of action of this antifungal has not 
been fully elucidated. WGS analysis of 196 A. fumigatus isolates from 11 countries 
detected more than 400,000 SNPs and generated clustering of these isolates into 
three groups. Susceptibility data from 71/196 isolates showed that cluster 1 con-
sisted of susceptible isolates only; cluster 2 consisted of susceptible isolates and all 
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resistant isolates (except one), while cluster 3 consisted of susceptible isolates and 
one resistant isolate. Targeted analysis of 22 genes, previously recognized as 
involved in amphotericin B resistance in other fungi, showed 60 SNPs significantly 
associated with resistance to this antifungal. These SNPs represent promising can-
didates from which to investigate putative molecular mechanisms of amphotericin 
B resistance and may have potential use in the development of rapid diagnostic 
markers for the clinical detection of amphotericin B resistance in A. fumigatus (Fan 
et al. 2020).

15.10.4  Mycobiome

The study of the microbiota by conventional culture-based methods is limited 
because many fungal species cannot be cultured. NGS has been widely used to 
understand the relationship of the microbiome to health or disease. Fungi comprise 
only 0.1% of the total microbiome, yet they are believed to play a particularly 
important role in maintaining microbial communities and physiological processes 
in humans (Zoll et al. 2016).

Analysis by NGS of the respiratory tract microbiome of people with HIV, lung 
transplant recipients, and healthy individuals showed an increased representation of 
medically relevant organisms such as Candida, Cryptococcus, and Aspergillus in 
subjects with increasingly severe pulmonary and immune problems. NGS enabled 
the characterization of fungal communities in the human respiratory tract and 
allowed exploration of their interactions with bacterial communities in health and 
disease situations (Bittinger et al. 2014).

15.10.5  Diagnosis of Fungal Infections

Metagenomics is being introduced to the clinical laboratory for the diagnosis of 
fungal diseases. The use of MinION from Oxford Nanopore Technologies directly 
on BAL samples from patients with PCP allowed the detection of P. jirovecii and the 
exploration of the mycobiome present in the sample. Among the taxa detected were 
Aspergillus spp., Candida spp., Lobosporangium spp., and Malassezia spp., which 
are part of the microbiome of the respiratory tract and skin of healthy individuals, 
so their finding is probably due to contamination of the sample during collection 
(Irinyi et al. 2020).

The clinical impact of metagenomic next-generation sequencing (mNGS) of 
plasma cell-free DNA for the diagnosis of infectious diseases was evaluated in 82 
samples from immunosuppressed patients. The positivity rate was 50/82 (61.0%), 
with 25 (50.0%) showing two or more organisms. Test results generated positive 
impact in 6 (7.3%), negative impact in 3 (3.7%), and no impact in 71 (86.6%) sam-
ples and were indeterminate in 2 (2.4%). In several samples, several organisms were 
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identified that did not necessarily play a pathogenic role. The mean turnaround time 
from sample collection to result was 3.1 days (SD: 1.2), and the time from sample 
receipt to result was 1.5 days (SD: 0.9) for a subset of 20 samples. Cases with a 
positive result and clinical impact involved bacteria and/or fungi. In ten patients 
who underwent 16 additional repeat tests, only one was associated with clinical 
impact. The actual impact of this test as currently being used in clinical practice is 
limited. Further studies are needed to determine the patient populations in which 
this technology will have the greatest impact, as well as to define the complemen-
tary role of mNGS to conventional microbiological methods and how best to inte-
grate mNGS into current testing algorithms (Hogan et al. 2021).

WGS appears to be a potentially useful diagnostic technique for cases where 
clinical suspicion of IFI is high. Currently, these tools are mainly available in refer-
ence laboratories, which may delay diagnosis. It is expected that, in the next few 
years, NGS will be available in most laboratories, and the turnaround time for the 
diagnosis of IFIs caused by already known species, and even those we do not yet 
know, will be drastically reduced. To achieve this, high-quality reference sequence 
bases, advances in instrumentation and bioinformatics, cost reduction, and the exis-
tence of external quality controls to validate the results are required.

15.11  Conclusion

IFIs have become more important in recent years. There is a change in the epidemi-
ology of endemic invasive fungal infections, and new species have emerged as 
important pathogens worldwide, which has been argued to be a consequence of 
climate change. Currently, there are diagnostic tests that have been widely validated 
and approved for the clinical diagnosis of IFIs, which are undoubtedly playing a 
particularly important role in the clinic. Mass sequencing is a strategy that has been 
widely used in the field of microbiology for research purposes and has proven to 
have great advantages over traditional diagnostic methods. It is urgent that these 
tools be made available in clinical laboratories to perform a faster diagnosis and 
have the complete characterization of the microorganism from the results of a single 
test, in addition to having the possibility of detecting and characterizing new 
pathogens.
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16.1  Introduction

An important element associated with climate change is the redistribution and colo-
nization of microorganisms, specifically pathogenic fungi in geographic areas 
where they had not been previously reported. Climate change has generated an 
increase in temperature, as well as an increase in rainfall and relative humidity in 
various geographical areas; however, in other countries, it has caused long periods 
of droughts, which allows the more efficient development of fungi in new habitats. 
Likewise, the increase in resistance is a feature that further complicates this picture 
globally. An increased frequency of fungal infections, associated with the 
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widespread use of antifungals, has resulted in the development of antifungal resis-
tance. Levels of resistance have increased significantly in the last decade, which has 
important implications for morbidity, mortality, as well as medical care in the 
community.

Mammals and fungi share some of the same molecular processes; this similarity 
is the main reason for the high toxicity associated with antifungal therapy (Ostrosky- 
Zeichner et al. 2010; Pierce et al. 2013). So it’s necessary to look for new, safer, and 
more powerful alternative therapies to combat fungal infections. There are numer-
ous reports on the antifungal activity of various plant extracts, particularly aromatic 
components. Most of it has been made using crude extracts and active components 
that are not clearly identified or well characterized. However, in some cases, puri-
fied components responsible for the activity have been identified and studied (Lopes 
et al. 2017).

The therapies commonly called alternative, or complementary, have been used 
for years, where species of plants with medicinal properties have been investigated 
to evaluate the viability, sustainability, and affordability of the use of natural medi-
cines. Plants of terrestrial or marine origin represent an inexhaustible source of 
bioactive molecules, as well as their volatile and nonvolatile extracts, which are also 
a valuable source of therapeutic compounds that are candidates for antifungal thera-
pies (Orafidiya et al. 2001; Rojas et al. 2006; Schmidt et al. 2008).

The importance of natural products in the search and development of new thera-
peutic tools is evident. In this sense, medicinal plants and their derivatives are an 
important piece for pharmacological research and drug development. These natural 
products can be used directly as therapeutic agents, as well as a source of raw mate-
rials for synthesis, or they can serve as prototypes for new pharmacologically active 
models. In this context, some progress has been made in the development of phar-
maceutical formulations capable of transporting and releasing bioactive compounds 
in infected tissues (Scorzoni et  al. 2016; Soares et  al. 2014; Wilson and 
Danishefsky 2006).

Phenolic compounds and alkaloids represent the main classes of bioactive anti-
fungal compounds isolated from nonvolatile natural extracts, while monoterpenes 
and sesquiterpenes are the main compounds responsible for the antifungal activity 
of natural volatile extracts (essential oils) (Negri et al. 2014).

16.2  Nonvolatile Natural Extracts

16.2.1  Phenolic Compounds

Phenolic compounds are a group of secondary metabolites with a central character-
istic, the presence of at least one hydroxyl group associated with an aromatic ring in 
its structure. These secondary metabolites are widely distributed in nature and most 
abundantly in plants, where they are normally found as esters or glycosides. Phenolic 
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compounds are extremely diverse, both in terms of chemical structure and biologi-
cal functions. Those with the most promising anti-dermatophytic activity come 
from natural sources and include lignans and neolignans, coumarins, flavonoids, 
quinones, and tannins (Butts et  al. 2017; Lopes et  al. 2017; Vermerris and 
Nicholson 2008).

Among the phenolic compounds, thymol is the main component of thyme 
extracts, and it has been shown to have the ability to weaken the integrity of the cell 
membrane, as well as to decrease the ergosterol content and leave it sensitive to a 
wide variety of fungi, pathogens. In addition to this, thymol can generate synergy 
with amphotericin B, fluconazole, and itraconazole in C. albicans and C. neofor-
mans (Faria et al. 2011; Guo et al. 2009).

Carvacrol, also found in thyme extracts, shares the same chemosensitization 
antimycotic mechanism (Pinto et al. 2006). Eugenol and methyleugenol, which are 
present in high levels in basil and clove extracts, are also associated with the inter-
ruption of ergosterol biosynthesis, as well as generating synergy with fluconazole 
against fluconazole resistant and sensitive C. albicans strains. In addition to the 
mechanism of action against the cell membrane, thymol and eugenol have been 
shown to inhibit plasma membrane ATPase resulting in acidification and adverse 
effect against fungi (Ahmad et al. 2010a, 2010b).

Other phenolic compounds found in plant extracts include berberine, curcumin, 
and dihydrobenzaldehydes. All three molecules enhance the activity of fluconazole 
against C. albicans and C. neoformans by inhibiting the response to oxidative stress. 
Interestingly, another phenolic compound such as cinnamaldehyde, which is struc-
turally similar, acts through a different mechanism; in vitro studies have shown that 
it inhibits Saccharomyces cerevisiae b-(1,3)-glucan synthase and chitin synthase 
(Bang et al. 2000; Faria et al. 2011; Iwazaki et al. 2010; Sharma et al. 2010).

Allicin, a component of garlic extract, can synergize with amphotericin B and 
fluconazole against C. albicans, where the main mechanism of action appears to be 
disruption of vacuolar function, but only when ergosterol is present in the cell mem-
brane (Borjihan et al. 2009; Guo et al. 2010). Epigallocatechin-O-gallate, found in 
black tea, is a dihydrofolate reductase inhibitor that in turn inhibits ergosterol bio-
synthesis. In combination with amphotericin B, it improved antifungal activity and 
has been shown to improve outcome in a murine model of systemic candidiasis 
(Han 2007).

Tannins and salicylic acid are polyphenol molecules extracted from Gaultheria 
procumbens, Rhamnus purshiana, and Anacardium pulsatilla, which showed high 
antifungal activity. Another phenolic compound such as the geranilated biphenyl 
3-hydroxy-4-geranyl-5-methoxybiphenyl derived from the green fruits of purple 
mangosteen (Garcinia mangostana) presented a strong antifungal action and a 
series of biological activities against fungi (Dharmaratne et  al. 2005). Another 
example is the polyisoprenylated benzophenone from an ethanol extract of Cuban 
propolis that showed significant antimicrobial and antifungal activity against a wide 
variety of bacteria and yeasts (Rubio et  al. 1999). Likewise, another phenolic 
 compound is 4-hydroxyphenyl-6-O-[(3R)-3,4-dihydroxy-2-methylenebutanoyl]-
D-glucopyranoside isolated from the foliage of Toronia toru, with high 
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antimicrobial activity (Perry and Brennan 1997). Some of the prenylindoles isolated 
from Monodora angolensis and Isolona cauliflora exhibited antifungal and antima-
larial activities (Nkunya et al. 2004). Finally, eriosemaones A–D also showed good 
antifungal activity (Ma et al. 1995) (Table 16.1).

Table 16.1 Plant extracts used as antifungal treatment

Extracts
Compound 
class

Main 
element

Antifungal 
mechanism Fungus type Reference

Nonvolatile Phenolic Lignans, 
neolignans, 
coumarins, 
flavonoids, 
quinones, 
and tannins

Interruption of 
ergosterol 
biosynthesis and 
plasma 
membrane 
ATPase
Inhibition of 
response to 
oxidative stress 
and b-(1,3)-
glucan synthase 
and chitin 
synthase

C. albicans, C. 
neoformans, and 
Saccharomyces 
cerevisiae

Guo et al. 
(2009), Faria 
et al. (2011), 
Ahmad et al. 
(2010a, 
2010b), 
Sharma et al. 
(2010), Bang 
et al. (2000)

Alkaloids Cycloanine 
and 
piperidine

Interruption of 
ergosterol 
biosynthesis

Microsporum 
canis, T. 
longifusum, T. 
mentagrophytes, 
A. flavus, F. 
solani, and 
Candida spp.

Lohombo- 
Ekomba 
et al. (2004), 
Ferheen 
et al. (2005), 
Xiao et al. 
(2014)

Volatile Monoterpenes Thymol, 
carvacrol, 
gerianol, 
and 
citronellol

Interruption of 
ergosterol 
biosynthesis
Inhibition of 
synthesis of 
DNA, RNA, 
proteins, and 
polysaccharides

C. albicans, C. 
glabrata, C. 
tropicalis, C. 
neoformans, 
Fusarium 
graminearum, A. 
fumigatus, M. 
canis, T. rubrum, 
and T. 
mentagrophytes

Bajpai et al. 
(2009),
Danielli 
et al. (2013), 
Miron et al. 
(2014)

Sesquiterpenes Farnesol Interruption of 
ergosterol 
biosynthesis
Inhibition action 
on membrane 
ATPases

T. 
mentagrophytes, 
C. albicans, and 
C. neoformans

Roemer and 
Krysan 
(2014), 
Mahboubi 
and 
Kazempour 
(2015), 
Moraes et al. 
(2015), Pippi 
et al. (2015)
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16.2.2  Alkaloids

Alkaloids are organic nitrogenous compounds derived from amino acids and have 
unique pharmacological properties at low doses. Several reports on the antifungal 
activity of alkaloids against a wide variety of fungal species have been reported, 
most in relation to pathogenic yeast strains (Cordell 2009; Emile et al. 2007; Meng 
et  al. 2009; Singh et  al. 2000). Albertisia villosa, a subtropical medicinal plant 
widely used in African medicine, contains three alkaloids of the bisbenzyl isoquino-
line type: cycloanine, cocsolin, and N-desmethylcycloanine, cycloanine being the 
most abundant with 85% and the one that showed the best activity of the crude 
extract against Microsporum canis. Likewise, it was used as a hair tonic with good 
results, controlling dandruff in 90% and preventing alopecia in 80% (Lohombo- 
Ekomba et al. 2004).

Two new piperidine alkaloids, haloxyline A and B, isolated from the chloroform- 
soluble fraction of Haloxylon salicornicum, showed antifungal activity against 
Trichophyton longifusum, Aspergillus flavus, M. canis, Fusarium solani, and strains 
of Candida spp. Haloxyline B was slightly more potent, which can be attributed to 
the presence of an additional alcoholic moiety on the C-3 carbon (Ferheen et al. 
2005). On the other hand, the ethanolic extract of the bark of Phellodendron amu-
rense presented antifungal activity in vitro against T. mentagrophytes similar to that 
of clotrimazole, as well as a partial efficacy of the extract in rabbits experimentally 
infected with T. mentagrophytes, which suggests that it may be an alternative for the 
treatment of dermatophytosis (Xiao et al. 2014).

16.3  Natural Volatile Extracts

16.3.1  Essential Oils

Essential oils are mixtures of volatile elements contained in various parts of the 
plant: flowers, buds, stems, leaves, seeds, twigs, roots, fruits, bark, and wood. 
Essential oils are stored in cavities, secretory cells, epidermic cells, canals, or glan-
dular trichomes. The biological activity and the fragrance of essential oils are 
mainly due to two molecules, terpenes and phenylpropanoids, major elements of 
essential oils (Bakkali et al. 2008; Tariq et al. 2019).

In yeast, essential oils establish a membrane potential across the cell wall and 
disrupt ATP assembly, causing cell wall damage. Essential oils have the power to 
penetrate and break down the fungal cell wall and cell membrane through a permea-
bilization process, which ends in the disintegration of mitochondrial membranes 
(Aleksic and Knezevic 2014).

In most cases, these oils are obtained by steam distillation or by pressing the 
pericarp of the fruits (Silva-Santos et al. 2006). Likewise, the biological activity of 
an extract often cannot be experimentally reproducible because the chemical 
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substances of the components may be different. In addition, the type of solvent used 
to obtain the extract and the extraction method can result in the loss of some com-
pounds. On the other hand, some studies have shown changes in the chemical com-
position during the different stages of plant growth, and others have shown diversity 
based on the geographic area of   origin (Binns et al. 2002; Fuentefria et al. 2018; 
Naghdi et al. 2008; Negri et al. 2014; Zhao et al. 2013). In addition, its chemical 
composition depends on numerous factors, mainly the geographical location of the 
plants, ecotype or variety, biological and physicochemical properties of the soil, 
climate, nutrition, stress during growth, fertilizers used, and seasonal changes 
(Copetta et al. 2011; Raut and Karuppayil 2014).

The mechanism of action of essential oils on microorganisms has not been fully 
explained. However, it is known that the components of essential oils, due to their 
lipophilic properties, destroy the cell wall and cytoplasmic membrane of bacteria 
and fungi, which results in the leakage of cytoplasm and its subsequent coagulation 
(Basak and Guha 2018; Burt 2004; Hyldgaard et al. 2012; Nazzaro et al. 2013). 
Likewise, they inhibit the synthesis of DNA, RNA, proteins, and polysaccharides of 
a great variety of fungi and bacteria (Karpinski 2020) (Table 16.2).

16.3.2  Terpenoids

The most important terpenes present are monoterpenes (C10) (monoterpene hydro-
carbons and oxygenated monoterpenes) and sesquiterpenes (C15) (sesquiterpene 
hydrocarbons and oxygenated sesquiterpenes). Monoterpenes, formed from the 
coupling of two isoprene units, are the most representative molecules of many 
essential oils (Bakkali et al. 2008; Lopes et al. 2017). Terpenoids are substances 
present in essential oils, and the terpene compounds of vegetable oils are frequently 
monoterpenes (approximately 90% of the volatile oil) and sesquiterpenes. Other 
terpenoids, such as diterpenes, are found only in volatile oils and can be extracted 
using solvents (Mello et al. 2003).

In several studies, it has been reported that terpenoids may show antioxidant and 
antimicrobial properties against pathogenic fungi, including Candida and dermato-
phytes (Barchiesi et  al. 2008; Hammer et  al. 2000; Marcos-Arias et  al. 2011; 
Palmeira-de-Oliveira et al. 2009; Pauli 2006). However, there are few terpene com-
pounds with well-established antifungal activity and well-described pharmacologi-
cal properties. Among these are nine diterpenoids of Clerodendrum eriophyllum 
that showed good antifungal activity against Candida spp., C. neoformans, and 
A. fumigatus; also reported is the isolation and determination of a new diterpenoid 
abiethane (2-hydroxy-8,12-abiethadiene-3,11,14-trione). On the other hand, it has 
been observed that the terpenes of Ocimum sanctum, including methyl chavicol and 
linalool, affected the synthesis of ergosterol and generate damage to the cell mem-
brane in Candida species, making it a good candidate as an antifungal agent (Amber 
et al. 2010; Machumi et al. 2010).
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There is a wide variety of extracts derived from Curcuma zedoaria, Psidium 
guajava, Aristolochia cymbifera, Plectranthus barbatus, Lippia alba, Hydrocotyle 
bonariensis, Herreria salsaparrilha, Mentha X piperita, Eleutherine bulbosa, 
Baccharis trimera, Calamintha adscendens, Albizia inundata, Bauhinia forficata, 
Cymbopogon citratus, Plectranthus grandis, and Euphorbia hirta L., among others 
which have shown antifungal activity against Candida spp. (Pessini et  al. 2003; 
Rajeh et al. 2010; Shinobu-Mesquita et al. 2011; Tempone et al. 2008).

Specifically, the essential oils obtained from Achillea millefolium and Curcuma 
longa demonstrated substantial inhibition of C. albicans, C. glabrata, and C. tropi-
calis (Ribeiro et  al. 2010). Nandina domestica Thunb essential oil, containing 
1-indolizinecarbazole, 2-pentanone, monophenol, aziridine, methylcarbinol, 
 ethanone, furfural, 1-hydroxy-4-methylbenzene, 2(5H)-furanone, and 3,5-dimeth-
ylpyrazole as components, showed high levels of antifungal activity in vitro, and 
severely affected spore germination of M. canis, T. rubrum, and T. mentagrophytes 
(Bajpai et al. 2009).

On the other hand, some examples of compounds of natural volatile extracts 
(essential oils) are the lipophilic extracts of Hypericum carinatum with in vitro anti-
fungal activity against strains of Candida spp., Cryptococcus neoformans, and 
Rhodotorula mucilaginosa (Barros et al. 2013) and the volatile oil of Stenachaenium 
megapotamicum with antifungal action against Epidermophyton floccosum and 
T. rubrum (Danielli et al. 2013); the mechanism of action of these compounds has 
not yet been completely defined (Table 16.1).

Within this group, monoterpenes (volatile oils with antifungal action against 
Candida spp. and dermatophytes; Miron et al. (2014)) also stand out due to their 
antifungal potential; the aqueous extract of Euphorbia tirucalli L. (De Oliveira et al. 
2014); parnafungins (Roemer and Krysan 2014); anthraquinones from Morinda 
tomentosa with good activity against C. albicans (Favre-Godal et al. 2014); Brazilian 
red propolis against non-Candida albicans strains n-hexane extract (Pippi et  al. 
2015); the water-insoluble fraction of Uncaria tomentosa Willd (Moraes et  al. 
2015); and the extracts of Artemisia sieberi Besser with action against dermato-
phytes (Mahboubi and Kazempour 2015). In most cases, the mechanism of action 
was related to the destabilization of the fungal cell wall and membrane (Mahboubi 
and Kazempour 2015; Miron et  al. 2014; Moraes et  al. 2015; Pippi et  al. 2015; 
Roemer and Krysan 2014).

Recently, antifungal activity has also been reported for Acca sellowiana with 
specific activity against Candida glabrata (Machado et al. 2016); Nectandra spp., 
with defined action against dermatophytes (Danielli et al. 2017); and Artemisia sie-
beri (Mahboubi and Kazempour 2015) and essential oils from Zataria multiflora 
(Mahboubi et al. 2017). The mechanism was also affecting the cell wall and mem-
brane of fungi (Danielli et al. 2017; Machado et al. 2016), as well as inhibiting the 
production of fungal elastase (Mahboubi and Kazempour 2015).
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16.4  Conclusion

Despite the activity of natural products, with some advantages over commercial 
drugs, there is still a long way to go to overcome their drawbacks and their use in 
therapeutics. Some examples are its efficacy from in vitro studies which has been 
confirmed using human and animal infection models.
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Abbreviations

APC Antigen-presenting cell
GM-CSF Granulocyte-macrophage colony growth-stimulating factor
HSP90 Heat-shock protein 90
PAMP Pathogen-associated molecular patterns
PRR Pattern recognition receptors

17.1  Introduction

Currently, there are effective vaccines around the world against some viral and bac-
terial diseases that would otherwise represent important public health problems 
(Delany et al. 2014); the development of safe and effective vaccines has been a major 
barrier for other infectious agents including fungi, partly due to the lack of knowl-
edge about the mechanisms involved in protective immunity (Zheng et al. 2018).

Some of the most severe fungal diseases involve endemic agents, restricted in 
certain geographical areas (Souza et al. 2019), and in many countries like Mexico, 
where preventive vaccination is not always mandatory, there are no reliable statis-
tics or a cost-benefit analysis that justifies the need for vaccine development 
(Guadarrama-Orozco et al. 2015).

The renewed interest is mainly related to the changes in the epidemiological 
landscape of fungal diseases; some reports analyze the usefulness of preventing 
various systemic mycoses and the impact on their incidence, for example, vaccina-
tion of seronegative adults for coccidioidomycosis residents of the San Joaquin 
Valley in California, would prevent up to 11 deaths per year and also save three 
million dollars in healthcare expenses (Oliveira et al. 2021).

Vaccine development is required for severe fungal pathogens, including Candida 
albicans, Cryptococcus neoformans, Aspergillus fumigatus, and dimorphic fungi 
(Table 17.1). Many challenges confront fungal vaccine development, including dif-
ferent host risk factors and fungal pathogenesis (Kischkel et al. 2020). No single 
antigen can be used in a “Universal Fungal Vaccine”; rather, specifically tailored 
vaccines will be required for the major fungal pathogens (Hamad 2012).

In the case of invasive candidiasis, the mortality rate has remained stable (around 
0.4 per 100,000 inhabitants in the United States) from 1997 to 2003 despite  
the development of new antifungal drugs effective against Candida spp.  

Table 17.1 Main agent-producing primary mycosis and opportunistic fungi

Primary pathogens Opportunistic pathogens

Coccidioides immitis/C. posadasii Candida spp.
Histoplasma capsulatum Cryptococcus neoformans

Blastomyces dermatitidis Aspergillus spp.
Paracoccidioides brasiliensis Pneumocystis jirovecii
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In hematopoietic cell transplant recipients, the response to antifungal drugs as pro-
phylaxis against invasive aspergillosis achieves 31%, and mortality persists in about 
60% of cases (Kischkel et al. 2020).

Important advances have been made in the understanding of the immune mecha-
nisms of the host against pathogenic fungi, their virulence mechanisms, genetic 
sequencing, as well as the recognition of antigenic molecules (carbohydrates and 
especially proteins) that stimulate a protective immunity, being suitable candidates 
for effective vaccines (Krylov and Nifantiev 2020).

One difficulty observed in the development of a fungal vaccine is that the patients 
who are most susceptible to opportunistic fungal infections are those least able to 
mount protective responses; as in cases of pulmonary blastomycosis and histoplas-
mosis, CD4+ cells are important in vaccine immunity against the causal extracellu-
lar pathogen and the facultative intracellular pathogen, respectively (Iannitti et al. 
2012). Another impediment relates to the limited number of licensed vaccine adju-
vants. Candidate adjuvants that act on multiple innate and antigen-specific host 
defense pathways are likely to be the most effective in protecting against opportu-
nistic fungal infections. The definition of adjuvants has mostly been restricted to 
those that stimulated antibody titers (e.g., Pneumococcus) or in the case of the 
Calmette-Guerin bacillus vaccine, delayed-type hypersensitivity responses. 
Recently, the concept of adjuvants has been expanded to include soluble mediators 
and antigenic carriers (e.g., endotoxins, Flt3 ligand, and heat-shock protein) that 
activate antigen-presenting cells and stimulate innate and cellular immunity 
(Portuondo et al. 2015).

17.2  Basics about Vaccination and Types of Immunization

The basic characteristics of an effective vaccine are the induction of specific immu-
nity to a certain etiological agent, avoiding the invasion of the microorganism, and 
neutralizing its toxins. On the other hand, the protection provided must be durable, 
which depends on the effective stimulation of memory T and B lymphocytes (Da 
Silva et al. 2020; Nami et al. 2019).

17.2.1  Active Immunization

Active immunization is carried out by an antigen or immunogenic molecule that 
triggers a cellular immune response and the production of antibodies (Zheng 
et al. 2018).

Infections exclusively human, whose etiological agents are stable, will be more 
susceptible of being controlled by vaccination, but not those whose causative agents 
show a wide antigenic variation, an animal or environmental reservoirs for the dis-
ease, or highly infectious microorganisms; primary and opportunistic fungal patho-
gens mostly meet the latter characteristics, hence the difficulty of developing vaccines 
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that achieve the eradication of the different mycoses; however, the antifungal vaccines 
developed to date do not seek disease eradication, but rather an effective immunologi-
cal mechanism for disease control in specific populations (Lionakis and Levitz 2018).

The types of vaccines that generate active immunization by promoting various 
defensive mechanisms are those of live-attenuated or inactivated cells, while those 
of killed agents and those of protein subunits predominantly trigger CD8+ T cyto-
toxic responses; this type of immune response contributes to the defense against 
most pathogenic fungi, such as Histoplasma capsulatum (sl), Paracoccidioides 
brasiliensis (sl), C. neoformans, and Pneumocystis jirovecii (da Costa et al. 2015; 
Wuthrich et al. 2003).

17.2.2  Passive Immunization

It consists of the transfer of preformed specific antibodies (immune serum) against 
various antigens. It is characterized by being transient since it is only maintained for 
the life of the antibody, but it does not induce their autonomous production or a cel-
lular immune response; furthermore, it does not induce specific memory in the event 
of subsequent pathogen exposure (García-Carnero et al. 2018). An example of this 
type of immunization is immune sera antibodies against snake venom and scorpion. 
Mucosal antibodies, certain monoclonal antibodies (human and murine), and some 
genetically engineered antibody fragments have been successfully used in certain 
mycoses; several of these sera can be administered to patients at risk before the 
period of immunosuppression; effectiveness is due to the longevity of IgG (weeks 
to months) even during periods of prolonged immunosuppression. Gigliotti et al. 
(2002) showed that the prophylaxis with monoclonal antibodies (IgM and IgG1) in 
a murine model is effective against P. jirovecii.

The use of recombinant human monoclonal antibodies is currently being tested, 
for example, against certain antigens such as HSP90 (heat-shock protein 90). A very 
interesting aspect about the use of antibodies has been observed by Nosanchuk et al. 
(2003), with systemic histoplasmosis, in which antibodies against a histone-like 
surface protein promote opsonization, phagocytosis, and destruction of intracellular 
yeasts, which is protective in previously immunized murine models, showing a 
reduction in the fungal load and the pulmonary inflammatory process. Table 17.2 
summarizes the different types of antifungal vaccines, the proposed antigens, and 
the immune mechanism underlying their protective function.

17.3  The Immune Response against Fungi

Based on the interaction with the host, the major human disease-causing fungi can 
be divided into primary and opportunistic pathogens. The defensive response of the 
host against different microorganisms, morphologically, genetically, and 
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Table 17.2 Main types of vaccines proposed for active and passive immunization

Type of vaccine Antigens Immune mechanism triggered

Whole cells or cell extracts
Aspergillosis Inactivated conidia Undefined

Live-attenuated conidia Undefined
Blastomycosis BAD1 strain (live attenuated) TH1 cell immunity
Candidosis CA2 strain (live attenuated) TH1 cell immunity

Ribosomal cell fraction Cellular and antibody-mediated 
immunity

Inactivated complete cells Undefined
Coccidioidomycosis Inactivated spherules (endospores) TH1 cell immunity
Histoplasmosis Ribosomal vaccine Undefined
DNA vaccines
Coccidioidomycosis More than one gene Undefined
Paracoccidioidomycosis Gen gp43 TH1 and TH2 cellular immunity

Gen rPb27 Cellular and antibody-mediated 
immunity

Hsp65 Undefined
Pneumocystosis Gen Kexin Cellular and antibody-mediated 

immunity
T cells and CPA vaccines
Aspergillosis Dendritic cells loaded with 

Aspergillus spp. antigens
TH1 cell immunity

Candidosis Dendritic cells loaded with Candida 
spp. antigens

TH1 cell immunity

Vaccine type Antigens Triggered immune mechanism
Protein subunits and glycoconjugates
Aspergillosis Asp f 3 TH1 cell immunity

β-1-3-glucan Growth inhibitory antibodies
Candidosis Agglutinin-like sequences Cellular immunity

Secreted aspartic proteinase 2 
(Sap2)

Anti-Sap2 antibodies

65 kDa mannoprotein Adhesin-neutralizing antibodies
β-1-3-glucan Growth inhibitor and fungicidal 

antibodies
β-1-2-Mannosides Opsono-phagocytic antibodies 

(possibly adhesion blockers)
Coccidioidomycosis Antigen 2 TH1 cell immunity

β-1-3-glucosyltransferases Undefined
Chimeric polyprotein Undefined

Cryptococcosis Capsular polysaccharide Various mechanisms
Glucoxylomannan conjugate 
vaccine

Unknown, possibly from 
antibodies

Paracoccidioidomycosis Glycoprotein 43 kDa Cellular and antibody-mediated 
immunity

(continued)
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biochemically, requires adequate coordination of its two main constituents: innate 
and acquired immunity, the latter involves two effector mechanisms: humoral (anti-
body) and cell-mediated immunity (Netea et al. 2015).

17.3.1  Innate Immunity

The innate immune system is the frontline of defense against any pathogen (primary 
or opportunistic) and also contributes to the development of antifungal vaccines, 
mainly concerning antigen-presenting cell (APC) interaction. Highly conserved 
antigenic molecules on the fungal surface, also called pathogen-associated molecu-
lar patterns (PAMP), detect and interact with pattern recognition receptors (PRR) of 
the APCs, releasing inflammatory mediators and the recruitment of innate effector 
cells (neutrophils, macrophages, and dendritic cells), for the processing and further 
antigen presentation (Pilecki and Moeller 2020). Neutrophils are the main innate 
effector cells against fungi, due to the phagocytic and microbicide characteristics 
through the production of oxygen-free radicals (Gazendam et al. 2016).

APCs, through PAMP-PRR interactions, antigen processing, and presentation to T 
lymphocytes, constitute the link with acquired immunity, promoting the activation of 
naive T cells and the proper differentiation into Th1 and Th2 cells (Sirisinha 2011).

Among the PRRs of APCs identified in fungal infections, toll-like receptors, 
especially type 2 and 4, dectin-1, the Fcγ receptor, and mannose receptors, have 
prominent roles in detecting cell wall PAMPs (Thind et al. 2015).

Table 17.2 (continued)

Type of vaccine Antigens Immune mechanism triggered

Pneumocystosis P55 protein (major surface 
glycoprotein)

Not defined, possibly by 
antibodies

Kexin protease Cellular and antibody-mediated 
immunity

Antibodies
Candidosis Anti-HSP90 peptide antibodies Unknown

Anti-β-1-3-glucan 2G8 antibodies Growth inhibition
C7 antibody (stress mannoprotein) Fungicide
Single chain anti-idiotypic 
antibodies (variable fragment)

Fungal antibodies

Anti-mannan C6 antibodies Opsono-phagocytic
Anti-glucosyl antibodies Fungicides

Cryptococcosis Anti-glucuroxylomannan 18B7 
antibodies (murine)

Opsono-phagocytic

Anti-glucuroxylomannan IgG2 
antibodies (human)

Opsono-phagocytic

Histoplasmosis Antibodies against histone-like 
proteins

Undefined
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The complement system and other humoral factors, such as antifungal peptides, 
mannose-binding lectins, defensins, and collectins, also provide fundamental 
defense mechanisms through the opsonization of fungi (Sharma and Bisht 2020). 
Recognition of deposited complement particles on β-(1,6)-glucans of the fungus 
surface by complement receptor 3 leads to elimination of pathogens by phagocytic 
cells, a process called opsonophagocytosis (Chamilos and Carvalho 2020). 
Defensins, secreted by the epithelium and Paneth cells in the gut, and collectins are 
involved in opsonizing, and also in the induction of inflammatory responses, col-
laborating with Th17-derived cytokines (Shankar et al. 2018).

17.3.2  Acquired Immunity

Cellular immunity is the fundamental defense mechanism against fungal infec-
tions, through its two effector mechanisms: cytotoxicity (secretion of cytokines) 
and humoral (antibody-mediated response) (Polonelli et al. 2000). The effective 
response against fungi is regulated by Th1 lymphocytes and dendritic cells, as 
well as the increase in INF-γ, TNF-α, and IL-12 levels. INF-γ induces cell-medi-
ated immunity through phagocytes and Th17 cells to release IL-17 and IL-22 
cytokines, mediating the neutrophilic response and the release of antimicrobial 
peptides (defensins) to the site of infection. Finally, regulatory T cells release 
TGF-α and IL-10 to repress the elevated levels of inflammatory responses (De 
Luca et al. 2010).

Some pathogenic fungi including H. capsulatum can block the aforementioned 
signals by binding to the CD11b glycoprotein receptor, which suppresses IL-12 
production by macrophages, resulting in a poor Th1 response, with inadequate acti-
vation, and thus increasing fungus survival (Marth and Kelsall 1997).

Th2 responses to fungi are usually harmful to the host, mainly due to the produc-
tion of IL-4, IL-5, and IL-10, which favors disease progression, increases the pro-
duction of IgE, and increases the presence of eosinophils (O'Dea et  al. 2014). 
However, Th2 mechanisms help to regulate the cellular immune response, avoiding 
uncontrolled tissue damage. In normal subjects, there is a balance between cellular 
and humoral immunity; immunosuppressed patients often change the balance of 
both immune responses, developing defective Th1 and active Th2 responses, lead-
ing to disease spreading (Li et al. 2020).

17.4  Fungal Vaccines

Different fungal antigens have been studied for use as vaccines, and they are usually 
classified into three main groups including live-attenuated, recombinant, and conju-
gate vaccines (Fig. 17.1).
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17.4.1  Live-Attenuated or Inactivated Fungal Vaccines

According to the similarity of live-attenuated vaccines with infectious agents, they 
launch long-term and strong immune responses, efficient among immunocompetent 
patients. These vaccines will be applicable for endemic fungal pathogen prevention 
shortly in subjects with a healthy immune system living in endemic areas (Zheng 
et al. 2018).

Xue et al. (2009) used a genetically modified vaccine against coccidioidomyco-
sis, where two chitinase genes (CTS2 and CTS3) have been modified to give way to 
an attenuated strain unable of endosporulation and, thus, which has no infectious 
potential but keeps its immunogenic properties, demonstrating that the triggered 
immune response was both Th1 and Th2 cell types with the respective production 
of cytokines, and  developing well-defined granulomas on histopathological 
examination.

Other novel vaccines, including the heat-killed Saccharomyces cerevisiae yeast 
vaccine, have shown protective activity against virulent strains of Coccidioides 
posadasii, C. albicans, and A. fumigatus (Martinez et al. 2017). This type of vac-
cines is not for use in immunocompromised patients, and given the difficulties in 
their production, it is not possible to ensure consistency and standardization of their 
quality (Martinez et al. 2017); however, few studies in blastomycosis and experi-
mental histoplasmosis suggest that the use of live-attenuated cell vaccines could be 

Fig. 17.1 Main categories of antifungal vaccines
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useful in immunocompetent individuals, and even in patients with specific CD4+ 
failure, as evidenced by studies carried out with live-attenuated and modified strains 
of Blastomyces dermatitidis, which present loss of the BAD1 gene that encodes a 
surface protein (immunologic target and virulence determinant), which makes the 
vaccine highly protective in CD4+ immunodeficient murine models (Szymczak and 
Deepe Jr. 2010). According to the results of these studies, the immune response 
induced by vaccination is carried out by CD8+ cells, unlike immunocompetent 
patients, where the presence of CD4+ cells is necessary for effective immune 
responses.

CD8+ cells secrete IFN-γ, TNF-α, and granulocyte-macrophage colony growth- 
stimulating factor (GM-CSF), developing a protective immune response and long- 
lasting immune memory, which suggests that the behavior of CD8+ T cells is 
different against viruses, bacteria, and fungi, as well as in immunocompetent and 
immunosuppressed patients (Liu et al. 2011). The main challenge in immunosup-
pressed patients is that live-attenuated vaccines do not induce another kind of dis-
ease (Pati et al. 2018), leading to poor prognosis.

17.4.2  Purified Antigen (Protein Subunit and Carbohydrate, 
Recombinant) Vaccines

Vaccines developed from protein and polysaccharide subunits are currently the most 
studied among fungal vaccines. They consist in the transfer and expression of a gene 
that encodes for an antigen that triggers the desired immune response. This antigen 
consists of one or more purified proteins (usually recombinant) and polysaccha-
rides, often conjugated with highly immunogenic proteins such as toxoids, or an 
adjuvant (e.g. aluminum salts), increasing their immunogenic properties (Nami 
et al. 2019; Specht et al. 2017).

Some of these vaccines are based on peptide and polysaccharide antigens, com-
monly expressed in different fungal species, opening up the possibility of the so- 
called universal vaccine (Nami et al. 2019), where the same antigen protects against 
several pathogens, similar to the aforementioned S. cerevisiae vaccine.

Ito et al. (2006), in a study with sonicated hyphae (fragmented by ultrasound) of 
A. fumigatus, found antigenic molecules common to various filamentous fungi and 
yeast, such as the protein antigens Aspf3 (Jolink et al. 2015).

17.4.3  DNA Vaccines

DNA vaccines transfer DNA plasmids encoding one or more protein antigens, 
which stimulate CD4+ and CD8+ cellular immune responses through MHC II and I, 
respectively, with the cytokine production pathways and antibodies. One of the 
advantages of this type of immunization is the ability to control the orientation and 

17 Antifungal Vaccines: Current Status and Future Directions



298

magnitude of the immune response to certain genetic products, mainly due to the 
expression within the host’s cells, allowing endogenous antigen processing and fur-
ther presentation (Milan et al. 2004).

DNA vaccines are useful in immunocompromised patients with significant CD4+ 
T cell deficiency, and it is possible to introduce additional DNA sequences (immu-
nostimulatory) that encode cytokines and adjuvants of the immune response. Most 
studies with DNA vaccines have been carried out in diseases such as coccidioido-
mycosis and mainly paracoccidioidomycosis (Nami et al. 2019). One of the most 
widely studied antigens is a proline-rich protein, associated with a reduction in the 
fungal load in C. posadasii strains in studies with exposed mice (Herr et al. 2007).

The first fungal DNA vaccine was related to tinea due to Trichophyton verruco-
sum (Wawrzkiewicz and Wawrzkiewicz 1992). The exocellular protein gp43 from 
P. brasiliensis is the main antigen studied in vaccination trials against this disease 
and a good example of the use of DNA vaccines showing protection in mice suscep-
tible to infection (Oliveira and Coelho 2017). Other antigens of P. brasiliensis have 
been fractionated and analyzed; two of the fractions obtained (F0 and FII) confer 
protection against paracoccidioidomycosis in mice, while another fraction (FIII) 
seems to exacerbate the disease, suggesting that the F0 and FII fractions contain 
candidate molecules for vaccine development (Diniz et al. 2004).

The most recently studied fraction is a 27 kDa (Pb27) protein of 219 amino acids 
that is part of the F0 fraction. Assays with cDNA fragments encoding this antigenic 
protein (rPb27) show that it is protective in vaccinated mice producing high levels 
of TNF-α, INF-γ, and IgG2b, moderate levels of IgG1, and low levels of IgG2a and 
IL-10, and developing a clinically limited disease (Coitinho et al. 2019). Similarly, 
genetic immunization studies are carried out with some other antigens including 
heat-shock protein 65 (DNA Hsp65 vaccine), with favorable results in both paracoc-
cidioidomycosis and chromoblastomycosis due to Fonsecaea pedrosoi, and other 
non-fungal diseases such as tuberculosis and leishmaniasis (Siqueira et al. 2013).

17.4.4  Monoclonal Antibody Vaccines

Monoclonal antibody vaccines are currently used as prophylaxis or as adjuvants in 
immunotherapy with antifungal agents. The factors to take into account in the devel-
opment of these antibodies are isotype affinity and specificity, whether as immuno-
therapy or prophylaxis. Among the most recent advances in the use of recombinant 
human monoclonal antibodies and their fragments against various systemic myco-
ses (Rodrigues et al. 2007) is an antibody called Mycograb, directed against HSP90, 
which has shown protection against systemic candidiasis (Cabezas et  al. 2010). 
Other antibodies without the Fc region (crystallizable fragment) have antifungal 
efficacy, suggesting that they can act even in the absence of phagocytic effector cells 
or complement, which would be useful in these patients; thus, these antibodies act 
as opsonins and neutralize virulence (adhesins) and fungal growth (Nami et  al. 
2019). A histone-type surface antigen of H. capsulatum (H2B-like protein) has been 
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identified against which specific antibodies are directed, increasing its opsonization, 
inhibition of cell growth, and destruction within macrophages, reducing fungal load 
and lung inflammation, and improving host survival (Nosanchuk et al. 2003).

 In DBA/2 mice given Candida or Aspergillus intravenosuly, solubilized cell wall 
β-glucan was markedly decreased in a dose-dependent manner. Moreover, in deep 
mycoses, the anti-β-glucan antibody levels are usually decreased, and this change 
correlated with clinical symptoms and other parameters such as C-reactive protein. 
It is suggested that the anti-β-glucan antibody forms an antigen-antibody complex 
and participates in the immune response as a pathogenic recognizing fungi mole-
cule (Ishibashi et al. 2005).

17.5  The Importance and Difficulties of Developing 
Antifungal Vaccines

Fungal diseases are rare in immunocompetent patients, whereas groups of immuno-
compromised individuals are often at risk of developing invasive fungal infections. 
The impact of the increase in the number of people affected by fungal diseases can 
be already seen, such as in the case of C. albicans, whose mortality rate can reach 
60% when associated with invasive infection. Another example is C. neoformans 
yeasts, an environmental fungus causing the most common fungal meningoenceph-
alitis worldwide in immunocompromised patients, accounting for more than 
600,000 deaths per year; also, it has been found that other Cryptococcus spp., such 
as C. gattii, can also affect immunocompetent hosts (Desnos-Ollivier et al. 2015).

Species from the genus Aspergillus are associated with the second most common 
cause of nosocomial infection; the mortality rates for invasive aspergillosis can 
reach ≥50% in some cases, which is even more dramatic than candidiasis (Lestrade 
et al. 2019).

Most of these infections afflict patients with severe immunodeficiency. Current 
antifungal drugs have limitations, such as toxicity, availability, and the spectrum of 
activity, and may have major drug interactions. The development of resistance, 
when used for long periods, is also an important limitation. It is important to develop 
new strategies involving fungal vaccines to reduce the risk of death in these patients 
(Ulrich and Ebel 2020).

The goal of an efficient fungal vaccine is to generate immune responses that will 
lead to immunological memory and protection against recurrent exposure to fungi 
(as occur in certain endemic areas). In recent years, many vaccine candidates have 
been tested against some fungal pathogens, such as C. albicans, Aspergillus spp., 
Cryptococcus spp., Blastomyces spp., P. brasiliensis, and Sporothrix spp. (Medici 
and Del Poeta 2015); opportunistic pathogens represent a major challenge for vac-
cine development since the most affected group includes immunosuppressed 
patients that are ineligible for active immunization given their underlying immuno-
logical conditions (Cassone and Torosantucci 2006) (Fig. 17.2). However, several 
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studies in murine models have shown that the immunization of mice against 
Aspergillus spp. is effective, before the use of immunosuppressive therapy by trans-
plantation; protection has been presented during the period of neutropenia. It has 
also been used during treatment with potent immunosuppressant for chronic graft- 
versus- host disease in response to subsequent exposure to Aspergillus spp. conidia 
(Sahin et al. 2016).

Immunosuppressed patients present failures in various immunological mech-
anisms (cellular and humoral immunity, production of several cytokines and 
effector cells with immune functions), which makes vaccine design a challenge 
(Zubair et al. 2017); patients with HIV/AIDS who have a deficiency in CD4+ 
Th1 lymphocytes do not have a good response in the subsequent production of 
INF-γ, TNF-α, and IL-12 cytokines, which are the main phagocytic cell stimula-
tors. However, several studies indicate that certain fungal antigens can elicit 
immune responses of CD8+ even in the absence of CD4+ lymphocytes; there-
fore, in immunosuppressed patients, it is possible to induce the recruitment of 

Fig. 17.2 Main advantages and disadvantages of the major antifungal vaccines

A. Tirado-Sánchez et al.



301

CD8+ cells by vaccination and stimulate effective immune protection (Nanjappa 
et al. 2012).

Such obstacles in the development of fungal vaccines have been gradually 
overcome in the last decade, and although to date there is no authorized fungal 
vaccine or in advanced phases of clinical trials for active immunization in humans, 
the main advances have been carried out in murine models with multiple candi-
date antigens to be used as vaccines. For more than 20 years, studies have been 
carried out on anti-dermatophyte vaccines for prophylaxis of bovine cattle, and 
there is a live- attenuated vaccine against T. verrucosum that is successfully used 
in countries like Norway, where systematic vaccination of cattle has made the 
disease practically inexistent. Unfortunately, the fungal vaccines used in veteri-
nary medicine have manufacturing standards that do not match with the develop-
ment of vaccines for human use (Nami et al. 2019). Only a prophylactic vaccine 
against C. immitis, made with formalin-inactivated spherules, has been tested in 
humans, with poor results, developing multiple side effects, mainly local reac-
tions (edema and injection site pain), as well as insufficient protection against 
pulmonary coccidioidomycosis (Huppert et al. 1967). Moreover, additional diffi-
culties posed by pathogens such as Candida spp., with its ability to evade the 
immune mechanisms of the host, make vaccine development complicated (Tso 
et  al. 2018). The goal of developing a vaccine against Candida spp. is not to 
induce immunity against this fungus belonging to the fungal microbiota but to 
generate an immune response that controls the fungus and prevents severe symp-
toms, including systemic candidiasis and fungemia. Recently, two univalent vac-
cines against Candida (targeting a single specific antigen) have concluded the first 
phase of clinical trials (Martin-Cruz et al. 2021); however, some experts, such as 
Cassone (2013), suppose that these vaccines won’t control invasive candidiasis 
since Candida has multiple virulence factors and easily evades the mechanism of 
action of a vaccine directed to a single antigen.

17.6  Conclusion

Currently, due to the knowledge about the immunopathogenic mechanisms of fungi 
and the technological advances in molecular biology, in addition to the new antifun-
gal treatments, the development of fungal vaccines offers the possibility of address-
ing fungal infections from the immunotherapeutic point of view.

Fungal diseases are often endemic and may lead to poor prognosis, so the devel-
opment of vaccines directed at these agents to prevent and treat these diseases is 
important and also challenging. One of the main factors that contribute to the 
increase in the frequency and severity of the disease includes cellular and humoral 
immune deficiency; vaccination alternatives need to be safe and effective in hosts 
with normal and deficient immune systems. Advances in proteomics and systems 
biology have facilitated the development of more vaccines and the characterization 
of their modifications, functions, and interactions. Advanced studies with fungal 
vaccines set the stage for the design of safe and effective preventive strategies.
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