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Introduction: Endophytic fungi associated with desert plants have a crucial role to enable
these plants to tolerate abiotic stress, such as heat and drought. Methods: In this study, a
thermophilic fungal endophyte was isolated from a hot desert-adapted plant, Cullen plicata
Delile. The endophytic fungus was (molecularly) identified as Thermomyces lanuginosus,
and inoculated plants were coded as E+ and the control as E−. Results: This fungus had an
effective growth-promoting activity on its host plant and increased the plant resistance to heat
stress as well. Discussion: Our findings demonstrate that thermophilic fungal endophytes can
enhance drought and heat stress tolerance in desert plants by ecophysiological mechanisms
and improve growth of its host plants.

INTRODUCTION

The global climate is predicted to change rapidly over the next century and many
environmental changes will happen (Giannopolitis & Ries, 1977). Climate change has
been affecting Egypt for at least 4,000 years, resulting in a profound impact on
agricultural production. In the forthcoming years, it is expected to extend the effect on
water management and agricultural production (Copetta et al., 2006). The potential
impact of climate change on field crops is expected to decrease national production of
about 11% for rice to 28% for soybean (El-Marsafawy, 2007; El-Ramady et al., 2013).
The climate-changing parameters also affect terrestrial microorganisms as well as plants
(Compant et al., 2010). Endophytic fungi that live in desert plants are considered to be a
vital source for many natural products (Strobel et al., 2004). The genetic recombination of
the endophytic fungi and its host might be the reason that endophytes are able to provide
plant with natural compounds (Tan & Zou, 2001). For example, Curvularia sp. confers
heat tolerance to its host plant Dichanthelium lanuginosum (Redman et al., 2002).
Thermomyces sp. is a thermophilic fungus that can survive at 62 °C (Mchunu et al.,
2013). Thermomyces lanuginosus was first isolated from soil and involved in compost
degradation until its first isolation as plant endophyte (Novas & Carmarán, 2008). The
plants under extreme temperatures exhibit various symptoms like chlorosis and necrosis
leading to death (Sanghera et al., 2011). Recently, there is a worldwide trend to minimize
the negative effects of the abiotic stress by the applications of genetic approaches (Fahad
et al., 2017). Cullen plicata (Delile) C. H. Stirt is one of the extreme hot desert plants,
member of tribe Psoralaea (Kumar & Chandan, 2015). Only a few studies are concerned
with desert plants–endophytic fungal interaction, so the responses of endophytic fungus
to its host C. plicata in arid environment under drought and heat stress were examined.

MATERIALS AND METHODS

Isolation of the endophytic fungus from its hot desert soil-adapted plant C. plicata

Fresh roots of hot desert-adapted plant, C. plicata, were collected from three sites at
Aswan University campus (39.59 °N 32.82 °E). Roots were initially rinsed in tap water
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and then surface-sterilized by successive immersion in
95% ethanol (10 s), 2% sodium hypochlorite (3 min), and
70% ethanol (2 min). Surface-sterilized roots were cut into
approximately ∼5 mm pieces under sterile conditions. Five
pieces of roots were placed on potato dextrose agar plate and
incubated at 45 °C for 1 week (Shivanna et al., 1996).

Morphological and molecular characterization of the
endophyte isolate

The isolate fungus was examined under light microscope to
identify morphologically according to keys of Moubasher
(1993).

Inoculation of fungal endophyte to C. plicata

C. plicata seeds were surface-sterilized with 0.5% sodium
hypochlorite for 3 min and then rinsed in sterile-distilled
water (SDW) for 10 min. Sterilized seeds were soaked in
50 ml conidial spore suspension (1 × 106) of T. lanuginosus
isolate or SDW as control for 6 hr. The primed seeds were
sown in plastic pots containing mixture (2:1, v/v) of clay
and sand infested with the fungus spores; control pots
E− received SDW. Seedlings were grown in the growth
chamber at 25± 2 °C for 3 weeks before transferring into
field station under normal climatic conditions.

Measurement of photosynthetic parameters

Measurements of photosynthesis (Pn) rate, transpiration (Tr)
rate, leaf intercellular CO2 concentration, and stomatal con-
ductance (Gs) were performed using infrared gas analyzer
(IRGA, CI 340) Pn system (CID Bio-Science, Inc., USA).

Growth characteristic measurements

Leaf area was measured by leaf area meter, the shoot and
root lengths of the plants were measured using a meter scale,
root and shoot fresh weight were measured by harvesting the
plant and weighed using electrical balance, after which they
were air-dried and reweighed to get the dry weight. Stomata
number and size were measured in lower epidermis peel.
The soil water content (SWC) was determined by oven-
drying method and calculating as percentage (%).

Determination of phenylalanine ammonia-lyase (PAL),
superoxide dismutase (SOD), catalase (CAT), and
peroxidase (POX) activities

Frozen plant tissue (200 mg) was ground to a fine powder
in a pre-cooled mortar, and 2 ml of extraction buffer [0.2 M
phosphate buffer (pH 7.2), 0.1 mM ethylenediaminetetraa-
cetic acid, 1 mM dithiothreitol, and 2 U protease inhibitor
cocktail] was added. The macerated suspension was cen-
trifuged at 10,000 rpm for 5 min at 4 °C. The supernatant
was collected and used as the source of enzymatic analy-
ses. PAL activity was assayed by measuring the trans-
cinnamic acid formation at 290 nm, according to
Nagarathna et al. (1993). SOD activity was determined
according to Giannopolitis and Ries (1977). POX activity

was estimated according to Kim and Yoo (1996). CAT
activity was determined spectrophotometrically at 240 nm
as described by Aebi (1984).

Determination of total saponin, carbohydrate, flavonoids,
proteins, and ascorbic acid

The dry materials were extracted according to the
procedure described by Mostafa et al. (2013). Total saponin
content was determined spectrophotometrically at 473 nm
(Ebrahimzadeh & Niknam, 1998). The water-soluble car-
bohydrates and total carbohydrates were quantified by
anthrone-sulfuric acid method, which was carried out
according to Fales (1951) and Trevelyan et al. (1952). The
total flavonoid content of the plant extract was determined
by the aluminum chloride colorimetric method using absor-
bance wavelength at 510 nm (Chen et al., 2005). Total
soluble and insoluble proteins were determined according
to the method adopted by Lowry et al. (1951). Ascorbic
acid was determined by the modified method of Roe and
Kuether (1943).

Statistical analysis

Data obtained were subjected to Student’s t-test using
Minitab 18 software (www.minitab.com). Values shown in
the figures are the means ± standard errors of four indepen-
dent replicates.

RESULTS

Morphological and molecular identification of the
endophytic fungus

A thermophilic fungus was isolated from the roots of an
extreme hot desert plant C. plicata Delile (Aswan Gover-
norate, Egypt). The climatic environments in this region
ranged between moderately cold dry winters to very hot dry
summer (Fig. 1). The isolated fungus was identified using
the morphology of the fungal culture (Moubasher, 1993).
The fungus was confirmed as T. lanuginosus according to
Ali et al. (2017).

Photosynthetic responses to heat stress

The photosynthetic responses, including Pn, Tr, Gs, and Ci
(internal CO2), were determined at 20, 30, and 45 °C in the
2-month-old C. plicata plants treated with endophytic fun-
gus E+ isolated from the same plant and untreated control
plants E−. The Pn response to heat stress increased over
time and with temperature rising in E+ treated where the Pn
response was threefold higher at 45 °C in E+ plants,
whereas the heat stress accelerated the Pn decline process
in untreated plants (Fig. 2a). In contrast, heat stress had very
highly significantly increasing effect (p≤ .000) on Gs and
Tr in untreated E− plants, whereas the E+ plants exhibited
low rates of Gs and Tr (Fig. 2b and c). In addition, there
was no significant difference in Ci level between E+ and
E− plants but steadily decreasing was observed with tem-
peratures rising from 20 to 45 °C (Fig. 2d).
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Phenological traits of C. plicata in response to endophytic
fungus inoculation

The impacts of endophyte inoculation showed significant
differences in SWC, leaves number, fruits number, fruits
weight, root length, and root fresh and dry weight.
Figure 3a shows the effect of the endophytic fungus on
the root length of our studied plant where it is significantly
higher (p ≤ .006) in E+ group than E− group (50 ± 0.8 and
26.6 ± 2.3 cm/plant, respectively). The root/shoot ratio is
given as the ratio of the dry weight of the roots to the dry
weight of the shoots; in this experiment, E+ plants showed
a significant increase in root/shoot ratio where p ≤ .01

(Fig. 3a). Figure 3b shows the SWC. The E+ group was
highly significant (p ≤ .008) as compared to the non-
inoculated group (2.7 ± 2.6 and 0.6 ± 0.9). Similar findings
were found with root fresh and dry weight (p ≤ .009 and
p ≤ .01, respectively). Moreover, the E+ group showed
highly significant increase in leaves number (p ≤ .005;
Fig. 3c). The fruits (yield) number of E+ group signifi-
cantly increased (p ≤ .01) compared to the E− group
(0.4 ± 0.06 and 0.07 ± 0.01); subsequently, the fruits’
weight was higher in E+ group (p ≤ .01) than E−
(0.58 ± 0.08 and 0.12 ± 0.02; Fig. 3d). In response
to inoculation with the endophytic fungus stomata,
number and size (Fig. 5) were affected, where E+ group

Fig. 1. Seasonal diurnal air temperature (°C) averages at field meteorological station RUSPAL Station (Research Unit for Study Plants of
Arid Lands), South-Eastern Desert, Egypt (2015–2017)

Fig. 2. Changes of photosynthetic parameters in Cullen plicata plants treated with fungal endophyte E+ and untreated control plants E− at
different temperatures. Values are means± standard errors (SEs) of four independent biological replicates (n= 4). (a) Photosynthetic rate, Pn;

(b) stomatal conductance, Gs; (c) transpiration rate, Tr; and (d) leaf intercellular CO2 concentration, Ci
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stomata number was significantly higher than in the
E− group (p ≤ .02); on the contrary, the stomata size of
E+ group was significantly lower than E− group (p ≤ .03;
Fig. 5e).

Changes in metabolite contents and antioxidant activities

We hypothesized that significant changes in the metabolite
pool of E+-treated C. plicata plants may occur, and these

changes enhanced the C. plicata plant survival capacity
under heat stress condition. There were significant increases
(p< .05) in the total carbohydrates (310 mg/g DW),
flavonoid (4.7 mg/g DW), and highly significant increase
was found in ascorbic acid content (44.2 mg/g FW; Fig. 4a).
Antioxidant enzyme levels of E+ plants showed highly
significant increases in PAL, CAT, and POX activities
(70.6, 80.9, and 51.8 U/g FW, respectively) relative to
E− plants (Fig. 4b).

Fig. 3. (a) Root and shoot length (cm) and root/shoot ratio (g) of Cullen plicata plants treated with fungal endophyte E+ and untreated
control plants E−; (b) Soil water content (SWC), root fresh and dry weight, and shoot fresh and dry weight (gm); (c) Leaf area and leaves
number in C. plicata-treated and -untreated plants; (d) Fruits number and fruits weight (gm) of C. plicata-treated and -untreated plants;

(e) The effect of endophytic fungus treatment on the root and shoot length in comparison with untreated control plant. Values are
means± standard errors (SEs) of four independent biological replicates (n= 4) (significant *p< .05, highly significant **p< .01,

and ns= non-significant)

Fig. 4. (a) Changes in total carbohydrates, total protein, flavonoid, saponin, phenolics, and ascorbic acid contents (mg/g DW) in E+-treated
and -untreated plants; (b) Changes in total PAL, SOD, CAT, and POX activities (U/g FW) in E+-treated and -untreated plants. Values

are the mean of four independent replicates (n= 4). Asterisks indicate significant difference as determined by a Student’s t-test
(*p< .05 and **p< .01)
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DISCUSSION

Endophyte–plant relationships may influence how plant
species respond to environmental change. For example,
endophytic fungi have been demonstrated to improve
drought stress for a few species of agronomically important
forage and turf grasses, namely Lolium and Festuca spp.
(Kannadan & Rudgers, 2008). Egypt climate is described as
arid and semi-arid, has a hot, dry summers, moderate
winters, and erratic rainfall, and most of the regions of
Egypt are occupied by the Sahara desert, which has been
classified as the most extensive area of severe aridity on the
earth (Domroes & EL-Tantawi, 2005). Examples of studies
on the association process of endophytic fungi with host
plants were performed in the United States by Khidir et al.
(2010), who studied the community of endophytic fungi
associated with the roots of grasses. In Venezuela, Loro
et al. (2012) have analyzed the diversity of endophytic fungi
from dominant grasses and sedges. Previous studies have
contributed to the understanding how endophytic fungi
benefit their hosts in extreme regions to resist abiotic factors
(Bezerra et al., 2017). In this study, we investigated the role
of T. lanuginosus to its host hot desert plant C. plicata
(Delile). T. lanuginosus is a thermophilic fungus that grows
between a maximum temperature of 60 °C and a minimum
of 20 °C with an optimum growth temperature of 50 °C.
T. lanuginosus is an ascomycete that grows rapidly on various
media whose colonies reaching 2.5 to over 5 cm in diameter at
45–50 °C within 2 days (Singh et al., 2003). T. lanuginosus
thermally adapted by the presence of several DNA-
related pathways, including ubiquitin degradation, histone
acetylation/deacetylation, and poly adenosine diphosphate-
ribosylation, plays major role in cell signaling and DNA
repair under heat stress conditions (Mchunu et al., 2013).
Heat stress may disturb Pn by affecting carbon metabolism,
which is considered as the primary limiting factor of Pn at
high temperature (Kurek et al., 2007). Our data showed
obvious fluctuation in Pn rate in response to heat stress in E
+ and E− plants (Fig. 2a). Some desert C3 shrubs have a
high photosynthetic yield at temperature greater than 40 °C
(Mooney et al., 1978). High temperature directly affects the

activity of several Calvin cycle enzymes, especially Rubisco
activase (Galmés et al., 2013; Parry et al., 2003). The heat
stress effect on Gs and transpiration rate in this study
showed different trend in E+ and E− plants where both
were lower in E+ plants, which is in agreement with Ali
et al. (2017). Endophytic fungi secrete favorable secondary
metabolites that facilitate their host plants to survive under
stress condition (Khan et al., 2008). This study provides a
good evidence of the vital role of endophytic fungi to its host
desert plants through improvement of secondary metabolite
accumulations. Endophytic fungi isolated from sand dune
plants produce metabolites and help in growth and devel-
opment of their host plants (Khan et al., 2008). Antioxidants
are highly effective agents for the protection from damage
caused by abiotic stress (Abdelrahman et al., 2015). Some
endophytic fungi activate certain enzymes, which could
promote the growth and fitness of their host plants (Chen
et al., 2005). In this study, E+-treated plants showed a
significant increase in PAL, CAT, and POX activities
relative to untreated E− plants. Hariri et al. (2013) demon-
strated the role of endophytic fungus Piriformospora indica
in increasing rice growth efficiency under salt stress via
enhancement of the levels of antioxidant enzymes (Hariri
et al., 2013). Our result is congruous with the hypothesis that
the water conservation strategies in the plant are promoted
using endophyte symbiosis interaction (Malinowski &
Belesky, 2000). Our findings of the fresh and dry weight
(Fig. 3b) and shoot and root length of E+ plants (Fig. 3a)
were higher than E− plants, which is in agreement with
Choudhary and Varma (2016). In the current research, root/
shoot ratio of E+ plants was significantly increased com-
pared to E− ones. Similarly, the fruits yield of our investi-
gated [non-arbuscular mycorrhizal (AM) fungus] E+ plants
was significantly higher than E− plants. AM fungi have a
direct effect on the plant physiology with detectable benefi-
cial effects on the root/shoot ratios and fruits (Al-Karaki
et al., 2004; Berta et al., 2014; Bona et al., 2015; Domroes &
EL-Tantawi, 2005; Guerrieri et al., 2004; Lingua et al.,
2013). Stomatal density responses to various environmental
factors, such as heat stress (Beerling & Chaloner, 1993)
and drought (Lecoeur et al., 1995; Galmés et al., 2007).

Fig. 5. Microscopic images of intact leaves mounted in sufranin solution and glycerol. (a)Stomatal density response to endophytic fungus
inoculation; (b) Stomatal density of control plants; (c and d) The reduction of stomata size of E+-inoculated plant compared to control ones
(d); (e) Stomata number (mm2) and size (μm) in Cullen plicata plants treated with fungal endophyte E+ and untreated control plants E−.
Values are means± standard errors (SEs) of four independent biological replicates (n= 4). Asterisks indicate significant difference as

determined by a Student’s t-test (*p< .05 and **p< .01)
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The stomata number of E+ was significantly higher than
the E− plant but there was reduction in stomatal size of
E+ (Fig. 5e). As described by Morse et al. (2002), Neo-
typhodium sp. promoted stomatal density in its host plant
Festuca arizonica under stress conditions. According to
our data, C. plicata plant displayed a better adaptation to
heat stress depending on its beneficial endophytic fungus
(T. lanuginosus).

CONCLUSION FOR FUTURE BIOLOGY

Fungal endophytes are one of the important future microbial
researches as they have unique adaptations according to
their environments. Thermophilic fungal endophytes isolat-
ed from desert plants could be exploited in crop productivity
improvement due to their role in the protection of biotic and
abiotic stresses. Further future studies are needed for reveal-
ing the mitigation mechanisms made by fungal endophytes
of plant heat and drought tolerance.
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