
Chapter 12
Molecular Basis of Stress-Tolerant Genes
in Extreme Microorganisms
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Abstract Diversity of abiotic and biotic stress responses is a great threat to agri-
cultural and industrial development. Genetic modifications are one of the most
promising methods for the improvement of economically important plants or
microbes. However, most genes harboring in ordinary organism cells play little
role in stress-resistant biotechnology. Some species thrive in extreme environments,
such as the hypersaline marine, the cold Antarctic continent, dry desert, or hot
springs, where general eukaryotes such as plants or yeasts can hardly survive,
revealing that extreme environmental organisms are promising genetic resources
for biotechnology. Extremophilic fungi are excellent models to provide understand-
ing in resistant mechanisms that allow higher organisms to overcome stress; these
fungi present valuable genetic resources for isolation of resistance genes to be
applied in genetic engineering and biotechnology. As a model fungus, the unicellular
yeast Saccharomyces cerevisiae exhibits characteristics responses to a variety of
stressors; it has led to the discovery of two significant osmotic-resistance pathways:
the high-osmolarity glycerol response (HOG1) pathway and calcineurin-dependent
pathway. With the increasing number of fungal species being characterized and
sequenced, extremophilic fungi are found to be better systems for the isolation of
abiotic stress resistance and related genes. So far, a series of environmental stress-
related genes have been investigated in diverse fungi, and no doubt these specific
resistance genes could be valuable for the improvement of crop tolerance. Interest-
ingly, several ribosomal proteins recently isolated from the extremophilic fungi have
been reported to possess moonlighting functions. Collectively, a tremendous number
of tolerant genes cloned from extremophilic fungi appeared to be more resistant to
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abiotic stress than their homologs or orthologs cloned from ordinary fungi, though
these proteins are highly conserved and exist in a wide variety of organisms. Taking
into account the special characteristics/mechanisms of genes from extremophilic
fungi in stress responses, the application of these types of genes might be more
valuable and reliable for biotechnology.

Keywords Extremophilic fungi · Abiotic stress · Tolerant genes · Tolerant
mechanism · Biotechnology · Calcineurin pathway

12.1 Introduction

From the biological and environmental evolution perspective, fungi are one of the
earliest eukaryotes to colonize the ancient earth (Gray and Shear 1992; Horodyski
and Knauth 1994). Considering the harsh physical environments on ancient earth, to
ensure the chances of survival, fungi might be more tolerant or resistant to adverse
environmental factors than the latter appeared plants or other organisms. The level of
response to environmental factors differs significantly from organism to organism;
however, maintenance of metabolic flux and cellular mechanisms relies upon the
organisms’ ability to keep their functional states stable when they are under extreme
stress. This diversifies the microbial survival at specific niche (Ranawat and Rawat
2017). Within the last few decades, a number of fungal species (halophile, xero-
philes, or thermophile) that can live in a variety of extreme environments have been
isolated. For example, Eurotium herbariorum that can survive in 340 g/L total
dissolved salts was isolated from the Dead Sea (Kis-Papo et al. 2001; Yan et al.
2005); Sarcinomyces petricola strain A95 (a representative strain of rock-inhabiting
fungi) was isolated from a marble rock surface near the Philopappos Monument on
Musaios Hill of Athens (Gorbushina 2007); a thermophilic fungus Thermomyces
lanuginosus isolated is able to survive at 62 �C, the highest growth temperature
recorded so far (Singh et al. 2003); and in our laboratory, the fungal strain
T. lanuginosus MY21 isolated was observed to be capable of growing at 65 �C
(Meng and Wei 2019, unpublished). The stress-tolerant molecular mechanism and
corresponding stress-tolerant genes in extreme microorganisms are also gradually
undeviled.

In plants, great achievements have been made in recent years in understanding the
abiotic stress responses and molecular mechanisms (Bhatnagar-Mathur et al. 2008;
Gupta and Huang 2014; Zhan et al. 2015), but crop-breeding practice of higher
resistant varieties remains unsatisfactory due to the lack of abiotic stress resistance
germplasms. Wild germplasms are of interests, as wild crops may have retained
genetic information before the domestication and artificial selection of modern
plants (Lam et al. 2010). Wild germplasms screening, however, is a daunting and
time-consuming task; and most likely we will never find certain wild germplasms
again because of their extinction in the modern agricultural practices and environ-
mental changes. Considering the survival abilities in the extreme conditions,
extremophilic fungi may provide special or different resistance mechanism
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compared to plant. The genetic basis of abiotic stress resistance in extremophilic
fungi makes it a unique genetic resource to improve abiotic stress resistance of crops.
Here we highlight the abiotic stress resistance mechanisms and resistant genes in
extremophilic fungi. In addition, application strategies for genetic engineering are
also discussed.

12.2 The Stress-Tolerant Mechanism
in Extremophilic Fungi

Fungi like other eukaryotic organisms such as plants depend on signaling-receiving
and transmitting systems to respond to, survive, and thrive under the imposed
adverse conditions. In eukaryote microorganisms, the yeast S. cerevisiae is known
to have moderate levels of tolerance. It presents a rather poor performance in the
presence of salt, drought, extreme temperature, and other stressors (Prista et al. 2002,
2005; Serrano and Gaxiola 1994). Thus, a wild-type S. cerevisiae is not the best
model organism, neither for salt tolerance nor for sensitivity to salt. However,
S. cerevisiae was an excellent tool for genetic manipulation (fast growth rate and
easy transformation) and has been extensively applied in field of resistance research.
The high-osmolarity glycerol (HOG1) pathway which is an essential stress-signaling
module has been broadly studied in fungi: from the yeast S. cerevisiae to the
filamentous fungus Trichoderma harzianum (Brewster et al. 1993; Delgado-Jarana
et al. 2006). HOG1 is also found in extremophilic fungi. Nevo group testified that
Eurotium herbariorum HOG1 is highly similar to the homologs from non-extreme
fungi such as Aspergillus nidulans, S. cerevisiae, and Schizosaccharomyces pombe
(Yan et al. 2005). However, it appears that HOG1 is found exclusively in fungi and
no homolog gene has been detected in plants.

The HOG1 regulation system in yeast involves two pathways, the low-osmolarity
SHO1 pathway and high-osmolarity SLN1 pathway. The difference between the two
pathways lies at the SHO1 and SLN1 sensors, but both pathways ultimately lead to
glycerol biosynthesis and the glycerol concentration for osmotic balance (Brewster
et al. 1993). Besides salt, HOG1 also responds to a variety of other stressors
(Delgado-Jarana et al. 2006), suggesting cross-talking feature in HOG pathways.

Another stress-responsive system required for salt stress tolerance in yeast is
calcineurin; this protein phosphatase complex is dependent on calcium ion and
calmodulin (Mendoza et al. 1994; Nakamura et al. 1993). Calcineurin is required
for the genes’ transcription of sodium and calcium ion ATPases and a cell wall
β-1,3-glucan synthase through regulating CRZ1/TCN1, the downstream zinc-finger
transcription factor (Matheos et al. 1997; Stathopoulos-Gerontides et al. 1999). The
salt-responsive calcineurin-CRZ1 pathway is also involved in yeast stress responses
(Juvvadi et al. 2014). When CRZ1 was overexpressed in the industrial baker’s yeast
HS13 strain, tolerance to both salt and freeze was increased (Panadero et al. 2007).
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The calcineurin pathway, unlike HOG1, is highly conserved in eukaryotes from
yeast to animals, which can be searched in the public nucleic acid sequence
repository (http://www.ncbi.nlm.nih.gov/genbank). In plants, the physiology func-
tions of calcineurin have been clarified (Luan et al. 1993; Allen and Sanders 1995),
and the osmotic stress resistance is associated with the increased expression of
calcineurin pathway genes. In fungi, the calcineurin homologs PsCNA1/PsCNB1
from the wheat rust disease fungus Puccinia striiformis have been studied. Results
indicated that the calcineurin signaling pathway participates in stripe rust morpho-
genetic differentiation, especially the formation of haustoria during the early stage of
infection and during the production of urediniospores (Zhang et al. 2012). Interest-
ingly, calcineurin may be a multifunctional enzyme, because it was required for not
only drug tolerance but also hyphal growth and virulence in Candida tropicalis
(Chen et al. 2014). In contrast, relatively little is known about the calcineurin
pathway in extremophilic fungi.

12.3 The Molecular Basis of Osmoregulation
in Extremophilic Fungi

To remain viable, fungi under extreme conditions must regulate and keep essential
cellular processes. The fluidity and components of the plasma membrane play
important roles in maintaining the cell membrane physiological functions and the
adaption to extreme conditions (Turk et al. 2007; Zhang et al. 2015). Plasma-
membrane fluidity has been regarded as a typical indicator of fitness for survival
in extreme environments (Turk et al. 2007). Unsaturated fatty acids are key com-
pounds in the plasma membrane, and cellular unsaturated fatty acids constitutions
are directly controlled by fatty acid desaturases. In Pichia pastoris GS115, cellular
fatty acids compositions were changed with the increased or decreased expression of
desaturases; in addition, deletions of fatty acid desaturases give rise to increased
resistance to adverse environmental stress (Zhang et al. 2015). In Turk’s study, all
tested fungi showed increased plasma-membrane fluidity in response to increased
salt concentrations. However, when salinity exceeded their optimal range, the
extremophilic fungi (Hortaea werneckii, Cryptococcus liquefaciens) showed
decreased plasma-membrane fluidity, reflecting the limitation of cell membrane
remodeling.

Microorganisms have developed two main strategies for osmotic adjustment:
influx of K+ and accumulation of low molecular weight solutes of some organisms,
such as hyper-/thermophiles, which utilize a combination of both strategies by
accumulating negatively charged compatible solutes and potassium. This mecha-
nism of osmosis adjustment occurs in extremophilic archaeal families
Halobacteriaceae and Haloferacaceae (Gupta et al. 2015, 2016). But this has not
been documented in majority of thermophilic microorganisms.
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Another strategy relies on accumulation of compatible solutes or osmolytes,
which are small organic compounds used for osmotic adjustment that do not
interfere with cell function (Brown 1976; Ventosa et al. 1998). Thermophilic and
hyperthermophilic organisms generally accumulate very unusual compatible solutes,
namely, dimyo-inositol phosphate, di-mannosyldimyo-inositol phosphate, diglycerol
phosphate, mannosylglycerate, and mannosylglyceramide, which have not been
identified in bacteria or archaea that grow at low and moderate temperatures (Santos
and da Costa 2002).

A large variety of microorganisms, from bacteria to filamentous fungi, rely
exclusively on the accumulation of compatible solutes for osmoadaptation. Com-
patible solutes, such as trehalose, glycine betaine, and α-glutamate, are widespread
in microorganisms, while others are restricted to a few organisms. Chloride is
accumulated in molar concentrations in the cytoplasm of Halobacillus halophilus
to cope with salt stress (Saum et al. 2013). Polyols are also widespread compatible
solute among fungi and algae but are very rare in bacteria and unknown in archaea.
Ectoine and hydroxyectoine are examples of compatible solutes found only in
bacteria (Santos and da Costa 2002).

The role of compatible solutes, however, goes beyond osmotic adjustment alone,
to the protection of cells and cell components from freezing, desiccation, high
temperature, and even UV radiations (Welsh 2000; Santos and da Costa 2002;
Beblo-Vranesevic et al. 2016). The protective role of trehalose against several stress
conditions has been amply demonstrated (Simola et al. 2000), and the accumulation
of glycerol, the canonical osmolyte of yeast, has also been correlated with the
acquisition of thermotolerance (Siderius et al. 2000).

Many polyols have been reported to contribute fungi to survive at high-salt
concentrations or drought conditions. And among these compatible solutes, glycerol
and trehalose have been extensively studied. Glycerol is the major product when
extremophilic fungi, such as Aspergillus glaucus, grow on glucose-contained
medium with high concentrations of NaCl (Liu et al. 2015). In the process of
glycerol biosynthesis, key enzymes determine the production of intracellular glyc-
erol and therefore impact on osmotic stress tolerance. Glycerol-3-phosphate dehy-
drogenase encoded by the gene of GPD1 in S. cerevisiae is important for yeast
survival under osmotic stress (Albertyn et al. 1994). The yeast glycerol-3-phospha-
tases gpp1p and gpp2p are also essential for glycerol biosynthesis, but their roles in
the cellular responses to osmotic, anaerobic, and oxidative stress are different
(Pahlman et al. 2001).

To conquer high osmotic stress by biosynthesis of glycerol is inefficient and
uneconomical. The active retention and uptake of glycerol are necessary when fungi
are at high osmotic environments. Aquaglyceroporins (AQGPs; GlpFs in yeast)
transport glycerol along with water, and other uncharged solutes are involved in
osmoregulation in myriad species. The two genes encoding AQGPs in the yeast
genome, Fps1 (Tamás et al. 1999, 2009; Oliveira et al. 2003) and Yfl054 (Oliveira
et al. 2003; Hohmann et al. 2000), are functional glycerol facilitators. Fps1plays a
key role in yeast osmoregulation by regulating intracellular glycerol levels during
changes in external osmolarity (Luyten et al. 1995; Hohmann et al. 2007;
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Ahmadpour et al. 2014), whereas the cellular function of Yfl054 remains uncertain
(Oliveira et al. 2003). Recently, the AQGPs of arbuscular mycorrhizal fungus have
received a lot of attention. The aquaglyceroporin GintAQPF2 from Glomus
intraradices, a member of the γ subgroup (Xu et al., 2013), showed high activity
when exposed to polyethylene glycol and high capacity to transport water, which is
crucial for transformed yeast cells to survive osmotic stress (Li et al. 2013). In the
halophilic fungus Aspergillus glaucus, the aquaglyceroporin gene AgGlpF has been
demonstrated to be a water/glycerol channel (Liu et al. 2015). Interestingly, AgGlpF
functions not only in S. cerevisiae and Neurospora crassa but also in model plants.
When AgGlpF was expressed in Arabidopsis thaliana, the transgenic lines survived
under high osmotic pressure and particularly under drought stress.

Another metabolite associated with osmoregulation is trehalose, the highly stable
disaccharide commonly found in nature. Trehalose has multiple functions (Elbein
et al. 2003), and is well-known for osmoprotection where correlations between
accumulation of trehalose and high resistance to various stresses have been observed
(Crowe et al. 1992). However, an unbiased study carried out by Petitjean et al.
(2015) casted doubt on this long time-believed that trehalose is an osmoprotectant.
By combining the use of mutant strains expressing catalytically inactive variants of
Tps1, MAL+ yeast strains were able to accumulate trehalose from an exogenous
supply, and the authors found that the stress-protecting role of trehalose in the yeast
was largely overestimated: trehalose actually was unable to protect yeast cells from
dying; on the contrary, it is the Tps1 protein, the key enzyme for synthesis of
trehalose, that played essential roles for yeast survival in response to temperature,
oxidative, and desiccation stress (Petitjean et al. 2015).

In thermophiles, thermophilic lipids should be considered as lipids that normally
function at high temperature and are termed as “thermophilic lipids” (Koga 2012).
The other important factors that help bacterial membrane to withstand high temper-
ature stress are hopanoids. InMethylobacterium extorquens, hopanoids interact with
glycolipids in bacterial outer membranes to form a highly ordered bilayer in a
manner analogous to the interaction of sterols with sphingolipids in eukaryotic
plasma membranes; additionally, multidrug transport is impaired in a hopanoid-
deficient mutant of the Gram-negative, which introduces a link between membrane
order and an energy-dependent, membrane-associated function in prokaryotes
(Sáenz et al. 2015). In Bacillus acidocaldarius, the production of hopanoids was
increased sharply with temperature increase from 60 to 65 �C, therefore suggesting
hopanoids play a role in counteracting the increased fluidity of cell membrane
(Schaechter 2016). Though we do not know the concrete molecular mechanism of
thermophilic lipid metabolic regulation, the research advances may indicate osmo-
regulation is not limited to polyols only. To uncover osmoregulation mechanisms,
more polyols and moonlighting proteins must be further investigated.
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12.4 Stress-Responsive Genes in Extremophilic Fungi

Hyperthermophilic microorganisms thrive in volcano rent water or hot springs.
Chaperones play crucial roles in hyperthermophilic life. The chaperones accumu-
lated in these hyperthermophilic microorganisms illustrate that chaperones are
important for organism survival and organism must spend a substantial proportion
of its metabolic energy for the folding and refolding of its proteins. In
hyperthermophiles, Thermococcus kodakarensis, Thermus thermophilus, and
Sulfolobus sp. are typical species. The thermotolerance and induction of heat-
shock proteins make hyperthermophiles to adapt to hostile environmental conditions
(Trent et al. 1997; Cava et al. 2009).

A predominant 55 kDa protein (TF55) was rapidly expressed, while S. shibatae
B12 cells exposed to 88 �C environment (Trent et al. 1990). TF 55 belongs to the
chaperones containing tailless-complex polypeptide family of chaperonins. The
HSP60 molecular chaperonins in response to heat shocks, termed as CpkA and
CpkB, have been intensively studied in T. kodakarensis (Fujiwara et al. 2008). The
two genes were expressed in different patterns at different temperatures; but all the
results supported the essential role of CpkA and CpkBin cell growth at low and high
temperatures. HSP60 proteins have also been identified in methanogens also
(Ambily Nath and Loka Bhararthi 2011). Transcriptional analysis of the hyperther-
mophilic archaea on Sulfolobus solfataricus revealed 26 vapBC of family TA (toxin-
antitoxin) loci in its genome on raising the growth temperature from 80 to 90 �C
(Cooper et al. 2009).

Cold-shock responses have been documented in almost all unicellular organisms
from thermophiles such as Thermus thermophilus (Mega et al. 2010) and Thermus
sp. GH5 (Yousefi-Nejad et al. 2011) to mesophiles such as Caulobacter crescentus
(Balhesteros et al. 2010) to psychrophiles such as Pseudoalteromonas haloplanktis
(Piette et al. 2012) and Psychromonas sarctica (Jung et al. 2010).

The aerobic thermophilic bacterium, Thermus sp. GH5, usually lives at temper-
atures between 70 and 75 �C. Under different cold-shock conditions, several pro-
teins, involved in the degradation of carbon and synthesis of amino acids and
nucleotides, were upregulated (Yousefi-Nejad et al. 2011), and accumulation of
transaldolase and ribose 5-phosphate isomerase in late cold shock (Minic 2015).

The cold-shock protein of Thermoanaerobacter tengcongensisMB4, TteCspC, is
involved in the survival of the organism at 50–80 �C. It is a common phenomenon
that a single csp gene presents among most thermophilic anaerobes. In
T. tengcongensis, there are more other cold-shock response genes, including DNA
replication, recombination, and repair; transcriptional and translational regulation of
genes plays effective roles in diverse processes. A number of novel low-temperature
specific genes were also identified. Interestingly, the cold-shock response proteins,
including TteCspC, function as molecular chaperones (Liu et al. 2014a).

In Bacillus stearothermophilus TLS33, eight cold-shock-induced proteins were
characterized, but all these proteins have markedly different expression patterns.
Interestingly, six of these cold-shock-induced proteins were correlated with the
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sigma B protein which plays an important role in signal transduction pathway of
bacterial sporulation, suggesting the functional adaptation of this bacterium to
environmental cold-shock stress (Topanurak et al. 2005).

As a salt-loving fungus, Debaryomyces hansenii has been extensively investi-
gated in recent years. It is able to accumulate high concentrations of sodium without
being any damages and also grow well under additional stress factors such as high
temperature and extreme pH in the presence of 0.25 M NaCl (Almagro et al. 2000).
Through screening S. cerevisiae transformants that contain the genomic library
prepared from D. hansenii (Prista et al. 2002), a series of genes associated with
salt tolerance were characterized. The DhGZF3 gene, which encodes a GATA
transcription factor homolog to Dal80 and Gzf3 in S. cerevisiae, has been function-
ally analyzed in D. hansenii. In S. cerevisiae expression system, the DhGZF3 gene
plays a role in a negative transcription factor (García-Salcedo et al. 2006). Using the
cDNA library from the stress-tolerant Rhodotorula mucilaginosa, more than
100 S. cerevisiae transformants that are tolerant to concentrations of various
osmolytes have been screened by Gostinčar and Turk (2012). Among the sequenced
clones, 12 genes mediated increased stress tolerance that were upregulated in the
R. mucilaginosa. Recently, from the D. hansenii genome database, Pereira et al.
(2014) analyzed nine candidates of polyol/H(+) symporters by heterologous expres-
sion in S. cerevisiae. Five distinct polyol/H(+) symporters were confirmed, among
which two symporters were tested to be specific for uncommon substrates as
galactitol and D-(+)-chiro-inositol.

The abiotic stress resistance genes isolated from extremophilic filamentous fungi
appear to be more resistant than homologs from ordinary fungi; however, in
extremophilic filamentous fungi, the stress tolerance genes are relatively few.
EhHOG, as mentioned above, is the E. herbariorum MAPK kinase gene similar to
HOG1 homologs from A. nidulans, S. cerevisiae, Schizosaccharomyces pombe, and
most other fungi; but hog1 mutant complemented with EhHOG outperformed the
wild type under high salt and freezing-thawing conditions (Yan et al. 2005),
indicating the higher genetic fitness of EhHOG in comparison with the
corresponding HOG from S. cerevisiae. Some genes isolated from the halophilic
fungus A. glaucus were also found to be more resistant to osmotic stress than the
common fungi such as S. cerevisiae and Magnaporthe oryzae. A yeast expression
library containing full-length cDNAs of A. glaucus was constructed and used to
screen salt resistance transformants in our lab. The ribosomal protein L44 (RPL44),
one of the proteins of the large ribosomal subunit 60S, was obtained according to its
association with salt resistance. In comparison with the homologous sequence from
M. oryzae, MoRPL44 in a yeast expression system, the results indicated that yeast
cells with overexpressed AgRPL44 were more resistant to salt, drought, and heavy
metals than yeast cells expressing MoRPL44 at a similar level of stress. In addition,
when AgRPL44 was introduced into M. oryzae, the transformants also displayed
significantly enhanced tolerance to salt and drought, indicating the unique osmosis
resistance ability from the halophilic fungus. Similar results were also obtained in the
studies of another ribosomal protein subunit of AgRPS3aE (Liang et al. 2015), the
AgglpF (Liu et al. 2015), a 60S protease subunit, and 14 other unknown or predicted
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genes including the cell wall-degrading enzymes such as chitinase, cellulase, and
glucanase. The common features of all these genes are highly conserved, at least not
specific to extremophilic fungi, but they obviously support transgenic cells or
organisms surviving under stress conditions, suggesting special mechanisms to be
uncovered in future and potential values for genetic engineering.

12.5 Transgenic Application and Concluding Remarks

Plants can benefit from foreign genes, such as CtHSR1 from the halophytic yeast
Candida tropicalis, transferring the ability to adapt to adverse environments
(Martínez et al. 2015). Many genes from diverse fungi have been successfully
transferred into plants. T. harzianum is commonly used as a mycoparasite fungus
for agriculture biological control. On the other hand, T. harzianum has moderate
levels of tolerance to stressors; it is regarded as an active agent with abilities to
induce resistance to abiotic stress in plants and to promote plant growth (Dana et al.
2006; Shoresh et al. 2010). T. harzianum provides an excellent genetic pool for
cloning multiresistance genes. For example, ThHog1 (Delgado-Jarana et al. 2006),
HSP70 (Montero-Barrientos et al. 2008, 2010), and Thkel1 (Hermosa et al. 2011)
were successively characterized to be the genes responsible for resistance to salt or
other stressors. Interestingly, some genes generally associated with cell wall degra-
dation were shown to be associated with stress tolerance, when they were transferred
into plants (Nicolás et al. 2014). This is not dissimilar to the ribosomal protein
subunits RPL44 and RPS3aE described above. Considering the moderate levels of
tolerance in T. harzianum, the homologous genes from extremophilic fungi could be
even more resistant. Therefore, it is important and necessary to identify and charac-
terize more genes related to stress resistance regardless of their origin and novelty.

Crops are often exposed to multiple stresses. One gene with multiple actions such
as Trichoderma hsp70 is no doubt efficient and economic. Transgenic Arabidopsis
containing hsp70 showed an enhanced tolerance to oxidative, osmotic, and salt
stresses (Montero-Barrientos et al. 2010). The highly conserved ribosomal protein
subunits like RPL44 and RPS3aE are also promising candidates for creating
tolerance-enhanced crops without consideration of their biosafety (Liu et al.
2014b; Liang et al. 2015). These genes are generally in the downstream of resistant
pathway and likely to have direct contribution to stress tolerance. Therefore, other
physiological traits in transgenic plants may not be seriously affected, even if all
these genes are overexpressed.

To a transformed gene, low levels of expression may have no anticipated
function; however, high levels of expression probably affect the bioassay or pro-
ductivity of the plant. Spatiotemporal expression of specific and controllable genes is
in need. Inducible promoters are available in stress resistance genetic engineering. In
plants, there exist many stress-responsive genes, particularly in sensitive plants (Dey
et al. 2015). The resistant gene or genes from an extremophilic fungus driven by a
plant-inducible promoter constitute the so-called two-component sensor systems
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(de Wit 1992). This strategy will solve the problem of excess cellular materials and
energy (ATP) consumption.
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