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Perennial ryegrass (Lolium perenne) is a cool-season grass whose growth and development 
are limited by drought and high temperature. Aspergillus aculeatus has been reported to 
promote plant growth and counteract the adverse effects of abiotic stresses. The objective 
of this study was to assess A. aculeatus-induced response mechanisms to drought and 
heat resistance in perennial ryegrass. We evaluated the physiological and biochemical 
markers of drought and heat stress based on the hormone homeostasis, photosynthesis, 
antioxidant enzymes activity, lipid peroxidation, and genes expression level. We found out 
that under drought and heat stress, A. aculeatus-inoculated leaves exhibited higher abscisic 
acid (ABA) and lower salicylic acid (SA) contents than non-inoculated regimes. In addition, 
under drought and heat stress, the fungus enhanced the photosynthetic performance, 
decreased the antioxidase activities, and mitigated membrane lipid peroxidation compared 
to non-inoculated regime. Furthermore, under drought stress, A. aculeatus induced a 
dramatic upregulation of sHSP17.8 and DREB1A and a downregulation of POD47, Cu/
ZnSOD, and FeSOD genes. In addition, under heat stress, A. aculeatus-inoculated plants 
exhibited a higher expression level of HSP26.7a, sHSP17.8, and DREB1A while a lower 
expression level of POD47 and FeSOD than non-inoculated ones. Our results provide an 
evidence of the protective role of A. aculeatus in perennial ryegrass response to drought 
and heat stresses.

Keywords: perennial ryegrass, Aspergillus aculeatus, response mechanisms, drought stress, heat stress

INTRODUCTION

Plant growth and propagation are influenced by abiotic stressors such as high or low temperatures, 
heavy metal, or drought (Schramm et al., 2006; Qin et al., 2010). Heat stress is often accompanied 
by drought stress (Tester and Bacic, 2005). Thus, drought and heat can be  primary limiting 
factors of plant growth, development and productivity, for cool-season turfgrass especially 
during summer (Jiang and Huang, 2001).

Studies have shown that drought and heat stresses often trigger pernicious effects on the 
photosynthetic apparatus (Ramachandra et  al., 2004; Rennenberg et  al., 2006). For instance, 
collectively, they may lead to distinctive loss of pigments and disorganize thylakoid membranes 
(Ladjal et al., 2000; Chen et al., 2013). In plants, photosynthesis, and especially the photochemistry 
of Photosystem II (PSII) has been confirmed to be  the most heat-sensitive process (Berry 
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and Björkman, 1980; Bilger et al., 1987; Al-Khatib and Paulsen, 
1999). In addition, many studies have suggested that PSII is 
one of the primary sites of damage induced by a variety of 
stress factors, while PSII reaction center D1 proteins are the 
main targets of heat stress (Berry and Björkman, 1980; Niyogi, 
1999; Yamamoto, 2001). After the D1-D2 heterodimer forms 
the PSII reaction center, it can bind all the fundamental 
cofactors for electron transfer (Yamamoto et  al., 2008; Chen 
et  al., 2013). Thus, once the D1-D2 proteins are damaged 
by heat stress, the photo-induced electron transfer from water 
to the plastoquinone is disrupted, and thereby affecting the 
photochemical efficiency of PSII (Chen et  al., 2013).

Drought or/and heat stress can offset the balance between 
the production and utilization of photosynthetic electrons, and 
then eliciting oxidative stress by generating reactive oxygen 
species (ROS) such as hydroxyl (OH−), hydrogen peroxide 
(H2O2), superoxide radicals (O2

−), and singlet oxygen (1O2;) 
(Feller, 2007; Harsh et al., 2016). Many studies have demonstrated 
that the overproduction of ROS result in enzyme inactivation 
and membrane damage (Apel and Hirt, 2004; Scandalios, 2005). 
To counteract the adverse effects of excessive ROS, plants have 
evolved a complex yet efficient ROS-scavenging system (Mittler, 
2002; Harsh et  al., 2016). The antioxidant enzymes consist of 
(but not limited to) peroxidase (POD; EC 1.11.1.7), superoxide 
dismutase (SOD; CE 1.15.1.1), and peroxidase (CAT; EC 1.11.1.6). 
Among the antioxidant enzymes, SOD is the first line in the 
active oxygen scavenging system and can specifically catalyze 
O2

− to H2O2 and O2, thus completing the removal of O2
−; 

while the produced H2O2 is scavenged by POD and CAT (Harsh 
et  al., 2016). Generally, these antioxidant enzymes possess 
multiple isoenzymes that act cooperatively in mitigating tissue 
injury and protecting cellular organelles (Mittler, 2002).

The synthesis and accumulation of compatible solutes, such 
as amino acid, proline, and soluble sugar, are often regarded 
as an adaptive strategy of plants to withstand the injury of 
drought and heat stresses (Harsh et  al., 2016; Zegaoui et  al., 
2017). To cope with the osmotic stress, the compatible solutes 
are accumulated in plant cells to increase the osmotic pressure 
and prevent water loss (Ramachandra et  al., 2004). A previous 
study in maize reported that an increase in the total soluble 
protein content decreased negative effects of drought stress 
(Mohammadkhani and Heidari, 2014). In addition, other 
investigators highlighted that plants responded to heat stress 
by producing and accumulating compatible solutes (e.g., 
carbohydrates, proline, and glycine betaine; Krasensky and 
Jonak, 2012; Hasanuzzaman et  al., 2013). Thus, the production 

of compatible solutes is an effective approach of plants to 
enhance stress tolerance.

To counter the adverse influences of drought and heat stress, 
various defense genes such as ROS-scavenging enzymes and 
heat shock proteins (HSPs) are induced (Qin et  al., 2010; Hu 
et  al., 2011). Previous studies reported that HSPs are involved 
in plant thermotolerance (Li and Werb, 1982). Earlier studies 
demonstrated that DREB2A not only regulates HSFA3 gene 
expression but also conferred heat and drought stress stresses 
tolerance to plants (Schramm et  al., 2006; Qin et  al., 2010). 
Concurrent with the physiological and molecular changes, plants 
growth and stress tolerance also benefit from mutually symbiotic 
fungi and bacteria (Baltruschat et  al., 2008; Parniske, 2008). 
Many studies have characterized the drought-related genes, i.e., 
CBL1, DREB2A, and RD29A, which were induced by 
Piriformospora indica under drought stress (Chao et  al., 2010; 
Xu et  al., 2017). In agreement with those findings, it was 
reported that P. indica could confer drought tolerance to plants 
through altering the expression level of a series of stress-
associated genes (Sherameti et  al., 2008). Therefore, symbiotic 
microbe-induced plant protection strategy from the negative 
influences of drought and heat stresses is worthy of attention.

Aspergillus aculeatus was screened and isolated from the 
cadmium-contaminated soil (Xie et al., 2014). It has been reported 
that A. aculeatus had the capacity to dissolve insoluble phosphorus 
in nature, hence promoting its uptake, transport, and utilization 
(Narsian and Patel, 2000). Our previous studies testified that 
the A. aculeatus could promote photosynthesis and growth rate 
of plants with the production of indole-3-acetic acid (IAA) and 
siderophores ultimately enhancing tolerance to salt and Cd 
stresses. Therefore, the salt or/and Cd-induced inhibition of 
plants metabolic activity seemed to be  mitigated by the A. 
aculeatus (Li et  al., 2017; Xie et  al., 2017a,b). Perennial ryegrass 
(Lolium perenne L.) is an extensively used forage grass due to 
its high nutritive values and herbage yield (Wilkins, 1991). In 
addition, it is widely used as a turfgrass in the park, roadsides, 
athletic fields, and other places due to its fast establishment 
and superior tillering capability (Hannaway et  al., 1999). As a 
cool-season grass, its growth, reproduction, and development 
are limited by drought and high temperature stresses (Iwayainoue 
et  al., 2004; Ren et  al., 2004). However, the role of A. aculeatus 
in drought and heat tolerance of perennial ryegrass remains unclear.

Thus, to expound on the physiological responses of A. aculeatus-
regulated perennial ryegrass to drought and heat stresses, important 
indicators such as the membrane stabilization, antioxidant enzymes 
activities, photosynthetic performance, compatible solutes, and 
genes expression level as measured.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
The seeds of perennial ryegrass (Xi’an Qianwo Grass Industry 
Technology Co., Ltd.) were surface sterilized in 0.25% sodium 
hypochlorite for 10  min and then were rinsed with sterilized 
distilled water five times. Subsequently, the seeds were sowed 
to germinate in plastic cups filled with a 1:1 mixture of sand 

Abbreviations: ABA, Abscisic acid; CAT, Catalase; DI0/RC, Dissipated energy 
flux per reaction centers; EL, Electrolyte leakage; ET0/RC, Electron transport flux 
per PSII reaction center; F0, Minimal recorded fluorescence intensity; H2O, 
Hydrogen peroxide; HSPs, Heat shock proteins; OH−, Hydroxyl; O2

−, Superoxide 
radicals; PItotal, Performance index for energy conservation from exciton to the 
reduction of PSI end acceptors; POD, Peroxidase; PSII, Photosystem II; ROS, 
Reactive oxygen species; VJ, Relative variable fluorescence at the J-step; SA, Salicylic 
acid; SOD, Superoxide dismutase; φP0, Maximum quantum yield for primary 
photochemistry, namely FV/FM; φE0, Quantum yield of the electron transport 
flux from Quinone A to Quinone B; ΨO, Efficiency that a trapped exciton can 
move an electron into the electron transport chain beyond QA-; φD0, Quantum 
yield (at t = 0) of energy dissipation.
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and peat soil (sterilized at 127°C in autoclave for 1  h) in a 
greenhouse at 25 ± 3:20 ± 3°C day:night cycle and a photoperiod 
of 14  h for 2  months. During the growth period, the plants 
were irrigated appropriately and fertilized weekly with half-
strength Hoagland’s solution (Hoagland and Arnon, 1950). The 
materials were hand trimmed at 8  cm in height every week.

Fungal Culture and Plant-Fungus  
Co-cultivation
A. aculeatus was used in this study and propagated in the Martin 
liquid medium according to our previous study (Li et  al., 2017; 
Xie et  al., 2017a). For preparation of the growth substrate, a 
mixture of sawdust and sand (1:3, v/v, pH  =  6.5) were sieved 
and sterilized at 127°C in an autoclave for 60  min. Then, the 
mixture was separated into two halves, one of which was inoculated 
with the A. aculeatus while the half remained un-inoculated.

After 2  months of establishment, the roots of the grasses 
were cleansed thoroughly using sterilized ultra-purified water 
to remove all the soil and transplanted into plastic pots (15 cm 
diameter and 20 cm depth), which were filled with pre-prepared 
growth substances. All the materials were placed into the 
artificial intelligence chamber with stable conditions of 25/20°C 
for day/night, 14-h photoperiod, 720  μmol photons m−2  s−1 of 
light intensity and 66% relative humidity. The cocultivation of 
plants and fungus lasted for 2  weeks.

Experimental Design and Treatments
After a successful symbiosis establishment with fungi, the plants 
were grouped as a same replication with similar transpiration 
(the transpiration rate was determined through the difference 
in the plant-pot system weight on a 24-h interval) and arranged 
in a completely randomized design with three replicates. The 
experiment was repeated twice to ensure that the data was 
reliable. Afterward, the plants were exposed to drought and 
heat stress. All the materials were divided into six groups, i.e., 
control (CK), only fungi (F), only drought stress (D), combination 
of drought and fungi treatment (DF), only heat stress (HT), 
and combination heat and fungi treatment (HTF). For drought 
stress, 40% of polyethylene glycol (PEG-6000) was dissolved 
in Hoagland nutrient solution and irrigated for 14  days. For 
heat stress, 25°C was the control temperature while 40°C was 
heat treatment, which lasted for 12 h. At the end of treatments, 
all the roots and leaves were harvested for various analyses.

Measurements
Phytohormone Content of Leaf and Roots
Leaf and root abscisic acid (ABA) and salicylic acid (SA) 
concentrations were assayed according to the methods of 
Wang et  al. (2016).

Chlorophyll Content and Relative Water Content 
of Leaf
The leaf chlorophyll content was measured according to the 
methods as described by Hiscox and Israelstam (1979). Briefly, 
the leaf chlorophyll was extracted from 0.1  g leaf sample by 
15  ml dimethyl sulfoxide in the dark for 72  h. Then, the 

absorbance of extracting solution was measured at 645 and 
663  nm using a spectrophotometer. Simultaneously, the leaf 
relative water content (RWC) was calculated based on the 
method of Barrs and Weatherley (1968): RWC = (FW − DW)/
(TW  −  DW)  ×  100, where FW, DW, and TW represent fresh 
weight, dry weight, and turgid weight of leaf, respectively.

Chlorophyll a Fluorescence Transient
The Chla fluorescence transient was assessed using a portable 
pulse-amplitude modulation (PAM) fluorometer (PAM 2500, 
Heinz Walz GmbH) based on the method of Chen et al. (2013). 
At the end of experiment, the fourth fully expanded leaves 
were dark-adapted for 20 min in order to close all the reaction 
centers of PSII and acquiring the maximal fluorescence intensity 
of FM. After a dark-adaptation for 20  min, the OJIP transients 
were generated by a red light of 3,000  μmol photons m−2  s−1. 
The chlorophyll a fluorescence emission excited by strong light 
pulses was monitored and then digitized between 10 and 320 μs.

Electrolyte Leakage
To test the cellular membrane stability, the electrolyte leakage 
(EL) was determined according to the method of Jespersen and 
Huang (2015). Briefly, a 0.1  g of fresh fully expanded leaves 
were cut into 0.5-cm segments and immediately placed into a 
50  ml test tube filled with 15  ml deionized water, and then all 
tubes were incubated at room temperature for 24  h with a 
rotary shaker. Subsequently, the initial electrical conductivity 
(Ci) was recorded by a conductivity meter (JENCO-3173, Jenco 
Instruments, Inc., San Diego, CA, United  States). To release all 
the leaves electrolytes, all the leaf tissues was killed in an autoclave 
at 121°C for 30  min. Following this, the electrical conductivity 
(Cmax) was determined. The EL was calculated as Ci/Cmax × 100.

Enzymes Activity and Lipid Peroxidation
To monitor the content of malondialdehyde (MDA) and the 
activity of antioxidant enzymes SOD, POD, and CAT, leaf 
samples (0.2  g) were grounded into powder in liquid nitrogen. 
Simultaneously, the roots samples (0.2  g) were also collected 
for determining antioxidant enzymes SOD, CAT, POD, MDA, 
and H2O2 content. Then, the powder was homogenized with 
ice-cold sodium phosphate buffer (50  mM, pH 7.8). The 
homogenate was centrifuged at 4°C for 20  min at 12,000  ×  g 
and the supernatant was collected for measuring SOD, POD, 
CAT, MDA, and H2O2 content.

The measurement of MDA, SOD, POD, and CAT were 
performed according the method of Hu et  al. (2011) using 
spectrophotometer (UV-2600, UNICO Instruments Co., Ltd., 
Shanghai, China). The H2O2 content was assayed and calculated 
using the manufacturer protocols of hydrogen peroxide assay 
kit (Nanjing Jiancheng Bioengineering Institute, A064).

Soluble Protein and Sugar Assays
The soluble protein content was estimated based on the method 
of Bradford (1976), and the bovine serum albumin was used 
as the standard. The soluble sugar was determined according 
to anthranone method (Dubois et  al., 1956).
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RNA Isolation and cDNA Preparation
The total RNA of leaves was extracted using Plant Total RNA 
Purification Kit (Gene Mark, Taiwan) according to the 
manufacturer’s protocol. The purified RNA (2 μg) was reversely 
transcribed into cDNA based on the manufacturer’s instructions 
of Hifair™ II 1st Strand cDNA Synthesis Kit (YEASEN, Shanghai, 
China). The resultant cDNA was stored at −20°C for real 
time PCR analysis.

Primer Design and Real-Time PCR
Primer pairs of different genes were designed (Table  1) by 
using Primer 5 Software (PREMIER Biosoft International, Palo 
Alto CA, United  States) and gene sequences were taken from 
perennial ryegrass transcriptome sequences (unpublished data) 
as shown in Supplementary Material. Then, the quantitative 
real time PCR (qTR-PCR) was performed with synthesized 
cDNA using gene specific primer pairs. The eEF1A(s) gene 
was used as the reference gene. For the 20  μl of reaction 
mixture system, 2  μl of cDNA template, 10  μl fluorescent 
intercalating dye SYBR green, and 0.5 μl respective gene specific 
primer pair were compounded with 7  μl nuclease-free water. 
The relative transcript level of the candidate genes was evaluated 
following the 2–ΔΔCT method (Kenneth and Livak, 2001).

Statistical Analysis
All data were expressed as mean  ±  SD of three replicates 
(n  =  3) and were based on analysis of variance with SPSS 
software version 20.0 (SPSS Inc., Chicago, United  States). 
One-way ANOVAs and Student-Newman-Keuls (SNK) test were 
performed to test the differences between control and treatments. 
The differences were considered as significant at p  <  0.05 and 
indicated by different small letters.

RESULTS

Phytohormone Content of Leaf and Roots
Drought and heat stress triggered an accumulation of ABA 
in the leaves and roots (Figure  1). Notably, ABA content in 
A. aculeatus-inoculated leaves significantly increased by 0.56-
fold and 0.45-fold, respectively, when compared with 
non-inoculated plants exposed to drought and heat stress 
(Figure  1A). Simultaneously, the ABA content in the roots 
displayed a similar trend as leaves under drought stress 
(Figure  1C). In addition, drought stress increased the SA 
content in the leaves, which significantly decreased after the 
addition of A. aculeatus. The addition of A. aculeatus increased 
the SA content in roots. However, stress did not generate any 
effect on the root SA content (Figures  1B,D).

Chlorophyll Content and Photosynthetic 
Efficiency
Drought stress reduced chl a, chl b, and total chlorophyll contents 
by 4.90-fold, 3.29-fold, and 4.65-fold, respectively, relative to 
the control (non-stressed treatment). Synchronously, heat stress 
reduced chl a, chl b, and total chlorophyll contents by 3.17-fold, 
1.83-fold, and 2.94-fold, respectively, relative to the control. 
Interestingly, under heat stress, the content of chl a, chl b, and 
total distinctly increased by 2.73-fold, 3.01-fold, and 2.78-fold, 
respectively, in the infected plants. Under drought stress, the 
content of chl b significantly increased by 2.29-fold in the infected 
plants. While that of chl a and total chlorophyll had no notable 
increase relative to the non-infected treatment (Figure  2).

Application of drought and heat reduced the OJIP curves 
of plant leaves when compared to non-stressed plants. However, 
A. aculeatus inoculation imparted a notable increase in the 
OJIP fluorescence transient curves compared with their 
un-inoculated counterparts (Figures 3A,B). Synchronously, the 
stresses increased the L-band value (at about 130  μs) than 
the non-stressed regime. Furthermore, in A. aculeatus-infected 
plants, the value of L-band was lower than heat-infected plant 
under heat stress, which represented a higher energetic 
connectivity and stability of PSII system. (Figures  3C,D).

To further elucidate the regulatory mechanism of A. aculeatus 
to photosynthesis in perennial ryegrass under drought and 
heat stress, the fluorescence parameters were extracted and 
calculated from the OJIP curves. As displayed in Figure  4, 
the value of F0, VJ, DI0/RC, and φD0 had a 1.31-fold, 1.22-
fold, 1.83-fold, and 1.59-fold increase, respectively, under heat 
stress when compared to the control. It’s worth noting that 
A. aculeatus-colonized treatment had a lower value of F0 (1.42-
fold), VJ (1.22-fold), DI0/RC (1.91-fold), and φD0 (1.55-fold) 
under heat stress when compared with non-colonized plants. 
Furthermore, the value of φP0, φE0, ET0/RC, Ψo, and PItotal 
was remarkably reduced by 1.22-fold, 1.87-fold, 1.45-fold, 1.50-
fold, and 7.90-fold, respectively, under the heat regime when 
compared to control level. However, the inoculations of A. 
aculeatus significantly elevated the φP0 (1.21-fold), φE0 (1.74-
fold), ET0/RC (1.48-fold), Ψo (1.50-fold), and PItotal (5.62-fold) 
values when compared to non-colonized ones.

TABLE 1 | Primers used for the expression of genes.

Gene name Primer sequences (5'-3')

HSP26.7a

F TGGCTCTTGTCACACTCATCCGGAA
R GTGAAGGTGATGGTGGAGGACGACA
sHsp17.8-F

F CGCCAAGACAGAGCAGATCAAGGCG
R CACCGCAGCACCCAAATAAGAGCTG
DREB1A

F TCAAGAAGGAGATGAGCG
R CGTCTCCCTGAACTTTGT
POD47

F CTCCTTGAAGTAGACGCCGTCGAAG
R AACGTGCAGGACATGGTGGCGCTCT
Cu/Zn-SOD

F GGGAAGGTTGCTGAGCTTGATAGTG
R CCCAGAGACAGGCAAACTCGGCAAT
FeSOD

F CTGGTAATCCCACAGCCACACGTGC
R CAGGAGATCGACACCAACACCGACG
eEF1A(s)

F CCGTTTTGTCGAGTTTGGT
R AGCAACTGTAACCGAACATAGC

F and R represent forward and reverse, respectively.
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Membrane Lipid Peroxidation and 
Antioxidant Enzyme Activity of Perennial 
Ryegrass
To explore the protective mechanism of A. aculeatus on cell 
membrane under drought and heat stress, the leaf EL, MDA, 
and H2O2 levels were measured. Our results indicated that 
drought and heat stress greatly enhanced the levels of EL 
(4.44-fold and 2.10-fold, respectively), MDA (1.88-fold and 
1.50-fold, respectively), and H2O2 (8.88-fold and 1.50-fold, 
respectively) of leaves when compared to the control. However, 
A. aculeatus-colonized leaves exhibited a decline in the EL, 
MDA, and H2O2 content, compared to non-colonized plants 
(Figures  5A–C). Overall, these observations indicated that the 
drought and heat stress triggered a tremendous injury on the 
stability of cell membranes, while A. aculeatus countered the 
injurious effects. Under drought stress, the SOD, POD, and 
CAT activities were strikingly elevated by 1.17-fold, 1.34-fold, 
and 1.87-fold, respectively, when compared to the control. 
Furthermore, their activities were significantly reduced in A. 
aculeatus-inoculated leaves compared to the non-inoculated 
under drought stress (Figures  5D–F). The CAT activity level 
was higher while POD activity was lower under heat stress 

than the control. However, inoculation of A. aculeatus notably 
decreased the CAT while increased POD activities relative to 
un-inoculated plants leaves (Figures  5E,F).

In addition, membrane lipid peroxidation and antioxidant 
activity of root were detected. As described in Figure  6, 
compared to the CK level (control group), drought stress notably 
elevated the MDA (2.84-fold), EL (1.58-fold), and H2O2 (1.39-
fold) level of perennial ryegrass root, while the POD activity 
decreased (1.78-fold) and CAT activity increased (2.11-fold). 
However, after the inoculation of A. aculeatus, MDA, EL, and 
H2O2 content were significantly lower by 3.79-fold, 1.40-fold, 
and 1.89-fold, respectively, while POD activity was higher 
(1.78-fold) and CAT activity was lower (4.30-fold) than that 
of the non-inoculated roots. Similarly, compared with the control 
condition, heat stress notably elevated the level of EL and 
H2O2 level by 1.57-fold and 1.45-fold, respectively. Simultaneously, 
SOD and POD activities significantly increased by 2.48-fold 
and 2.34-fold, respectively, while CAT decreased by 2.78-fold. 
Whereas, when compared to the non-colonized ones, A. aculeatus-
colonized remarkably declined EL (1.31-fold) and H2O2 (3.20-
fold) level, while POD activity (1.54-fold) was decreased and 
CAT activity (1.78-fold) was increased under heat stress.

A B

C D

FIGURE 1 | Influences of the Aspergillus aculeatus on abscisic acid (ABA; A,C) and salicylic acid (SA; B,D) content of perennial ryegrass leaves and roots under 
drought and heat stress. The differences between treatments in each parameter were detected by one-way ANOVA at p < 0.05 level. Bars represent 
mean ± SD (n = 3). Columns marked with same small letter (a, b, c) indicate insignificant differences between four treatment groups. CK represents control, F 
represents A. aculeatus, D represents drought, DF represents drought + A. aculeatus, HT represents heat, and HTF represents heat + A. aculeatus.
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Soluble Sugars and Proteins
As depicted in Figure  7, drought caused a distinctive 
accumulation of soluble sugar (2.62-fold) and soluble protein 
(1.63-fold), when compared to the control. For A. aculeatus-
colonized plant, the soluble sugar and soluble protein content 
exhibited an obvious decline (0.53-fold and 0.60-fold, respectively) 
when compared with non-colonized leaves. Moreover, heat 
stress causes a higher accumulation of soluble sugar, while 
lower soluble protein content than the control. Nevertheless, 
in A. aculeatus-infected plants, a strong decline in the soluble 
sugars level was detectable, while an obvious increase of the 
soluble protein compared to uninfected ones.

Relative Expression Levels of Genes
The expression levels of HSP26.7a, sHSP17.8, DREB1A, POD47, 
Cu/ZnSOD, and FeSOD were analyzed in shoot tissues as shown 
in Figure  8. Drought stress induced an upregulation of genes 
HSP26.7a, sHSP17.8, DREB1A, and Cu/ZnSOD genes by 2.32-
fold, 18.35-fold, 7.18-fold and 1.42-fold, respectively, when 
compared to the control (Figures  8A,B). Interestingly, under 
drought exposure, the expression levels of sHSP17.8 (2.03-fold) 

and DREB1A (1.37-fold) were obviously elevated while POD47, 
Cu/ZnSOD, and FeSOD were significantly decreased by 2.29-
fold, 2.32-fold, and 1.67-fold, respectively, in fungi-colonized 
plants compared to those non-colonized regimes. Simultaneously, 
the HSP26.7a, sHSP17.8, and DREB1A were 11501.18-fold, 
4375.44-fold, and 1.92-fold upregulated under heat stress when 
compared to the control condition. It is noteworthy that the 
expression levels of HSP26.7a (1.26-fold), sHSP17.8 (1.75-fold), 
and DREB1A (1.34-fold) were remarkably enhanced, while 
POD47 and FeSOD were significantly decreased by 1.39-fold 
and 1.45-fold, respectively, in A. aculeatus-infected plants when 
compared with heat treatment alone (Figure  8).

DISCUSSIONS

Plants respond to adverse environmental conditions via 
manipulating the metabolic activity of antioxidants, osmolytes, 
and phytohormone (Kumar, 2012; Hasanuzzaman et al., 2013). 
Also, stress-responsive hormone ABA plays a pivotal role in 
plants response to drought and heat stress (Zhang et  al., 2006; 
Khan et  al., 2012; Hasanuzzaman et  al., 2013). Consistent with 

A B

C D

FIGURE 2 | Chlorophyll a (A), Chlorophyll a (B), Chlorophyll a + b (C), and leaf relative water content (D) under drought and heat stress. The differences between 
treatments in each parameter were detected by one-way ANOVA at p < 0.05 level. Bars represent mean ± SD (n = 3). Columns marked with same small letter 
(a, b, c) indicate insignificant differences between four treatment groups (p < 0.05). CK represents control, F represents A. aculeatus, D represents drought, DF 
represents drought + A. aculeatus, HT represents heat, and HTF represents heat + A. aculeatus.
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Khan et  al. (2012) and Ibrahim et  al. (2019) findings, our 
results showed that drought and heat remarkably enhanced 
the ABA content of plant leaves compared with the corresponding 
controls. Furthermore, our findings also reinforce the notion 
that the increase of plant ABA content was accompanied by 
the inoculation of beneficial microbes (Sannazzaro et al., 2006). 
In parallel to the finding, our study revealed a higher 
concentration of ABA in A. aculeatus-inoculated leaves than 
non-inoculated plants under drought and heat stresses. Besides, 
under drought stress, ABA content in the roots showed a 
similar change trend with leaves. Therefore, these observations 
might suggest that the accumulation of ABA induced by A. 
aculeatus inoculation could confer resistance to drought and 
stresses via maintaining a higher conductance and water 
condition of host plants. On the other hand, a previous study 
illustrated that SA could enhance plant performance by inducing 
systemic resistance to biotic and abiotic stresses (Pozo and 
Azcónaguilar, 2007). In our results, the SA content was distinctly 
elevated under drought stress. Nevertheless, in inoculated plants 
leaves, the SA content was lower than non-inoculated leaves. 
Taken together, our results indicated that variational ABA 

and consequent SA-signaling might be one of the mechanisms 
by which A. aculeatus can induce plant tolerance to drought 
and heat stresses.

Chlorophyll a fluorescence is considered to be  a powerful 
and reliable non-invasive tool for exploring plant photosynthetic 
efficiency and the function of PSII under adverse environmental 
conditions (Kalaji et  al., 2011; Chen et  al., 2013). In our study, 
we  performed a comprehensive investigation on the PSII 
photochemistry of perennial ryegrass subjected to heat stress. 
Chen et  al. (2013) reported that photosynthesis as one of the 
most sensitive processes to heat stress was easily damaged by 
high temperature. In agreement with their study, our results 
displayed a remarkable decline in the OJIP fluorescence transient 
curves of heat-exposed leaves. To further shed light on the 
PSII reaction centers activity, photosynthetic parameters, such 
as F0, VJ, φP0 (FV/Fm), φE0, ET0/RC, ΨO, φD0, DI0/RC, and 
PItotal, were used for in-depth analyses. In our observations, 
the φP0, φE0, ET0/RC, Ψo, and PItotal of plant leaves were 
dramatically decreased under heat stress compared to the 
control. Among these parameters, reductions in the φE0, φP0, 
and Ψo were accompanied by a decreased quantum yield of 

A B

C D

FIGURE 3 | Influences of the A. aculeatus on chlorophyll fluorescence transients (OJIP curve; A,B) and ΔWk (C,D) in leaves of perennial ryegrass under drought 
and heat stress. CK represents control, F represents A. aculeatus, D represents drought, DF represents drought + A. aculeatus, HT represents heat, and HTF 
represents heat + A. aculeatus.

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Li et al.   A. aculeatus-Mediated Drought and Heat Stress

Frontiers in Microbiology | www.frontiersin.org 8 February 2021 | Volume 12 | Article 593722

the electron transport flux from Quinone A to Quinone B, 
reduced maximum quantum yield for primary photochemistry 
and declined efficiency that a trapped exciton can φmove an 
electron into the electron transport chain beyond QA-, which 
indicates that high temperature inhibited electron transfer on 
the PSII receptor side. In contrast, under heat stress, the F0, 
VJ, DI0/RC, and φD0 were remarkably increased. The increase 
of F0 value was triggered by the physical separation of the 
PSII reaction centers from their combined pigment antennae 
leading in the blocked energy transportation to the PSII traps 
(Srivastava et  al., 1997). Meanwhile, the variable fluorescence 
of VJ reflects the electron transfer characteristics from QA to 
QB on the PSII electron acceptor side (Strasser, 1997) and 
closure degree of reactive center when chlorophyll fluorescence 
reaches J phase (Force et  al., 2003). In our results, heat stress 
causes an increase of VJ value, which suggests that heat stress 
inhibits electron transfer from QA to QB, leading to accumulation 
of QA-, and at the same time, indicating partial closure of 
active reaction centers. Furthermore, extensive studies have 
confirmed that heat stress could induce inactivation of 

oxygen-evolving complex (OEC), inhibition of electron transport, 
and decline in PSII photochemical efficiency (Strasser, 1997; 
De Ronde et  al., 2004; Wahid et  al., 2007). In our results, it 
is noteworthy that the L-band shows a remarkable increase 
under heat treatment, which explains the behavior of K-step 
in OJIP curves. The appearance of K-step is a distinctive 
characteristic in fluorescence rise kinetics when leaves subjected 
to heat stress were ascribed to the destruction of OEC triggered 
by releasing manganese cluster (Strasser et  al., 2004). Chen 
et al. (2013) findings reinforce this observation. Therefore, these 
changes of photosynthetic parameters collectively suggested that 
heat stress aggravated the damage of thylakoid membrane and 
OEC, declined the efficiency of photosynthetic electron transport 
rate and increased the energy dissipation of reaction center.

Studies have reported that mycorrhiza fungi could mitigate 
the negative effects of abiotic stress on PSII reaction centers 
and photosynthetic performance (Zhu et  al., 2011; Xie et  al., 
2017a; Duc et al., 2018; Khalid et al., 2018). Here, the protective 
effects of A. aculeatus on OJIP fluorescence transient of perennial 
ryegrass subjected to heat stress are shown in Figures  2, 3.  

A B C

D E F

G H I

FIGURE 4 | Influences of the A. aculeatus on photosynthetic parameters (F0, A; φP0, B; φE0, C; ET0/RC, D; Ψ0, E; VJ, F; DI0/RC, G; φD0, H; PItotal, I) of perennial 
ryegrass leaves under drought and heat stress. The differences between treatments in each parameter were detected by one-way ANOVA at p < 0.05 level. Bars 
represent mean ± SD (n = 3). Columns marked with same small letter (a, b, c) indicate insignificant differences between four treatment groups. CK represents 
control, F represents A. aculeatus, D represents drought, DF represents drought + A. aculeatus, HT represents heat, and HTF represents heat + A. aculeatus.
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The inoculation of A. aculeatus alleviated the detrimental effects 
of heat stress on PSII reaction centers corresponding to 
increased φP0, φE0, ET0/RC, Ψo, and PItotal and decreased F0, 

VJ, DI0/RC, and φD0, diminished K-step and lower L-band, 
compared to corresponding non-inoculated plant. The value 
of related electron transport parameters on the PSII receptor 

A B C

D E F

FIGURE 5 | Malondialdehyde (MDA; A), electrolyte leakage (EL; B), hydrogen peroxide (H2O2; C), superoxide dismutase (SOD; D), peroxidase (POD; E), and 
catalase (CAT; F) content of perennial ryegrass leaves under drought and heat stress. The differences between treatments in each parameter were detected by 
one-way ANOVA at p < 0.05 level. Bars represent mean ± SD (n = 3). Columns marked with same small letter (a, b, c) indicate insignificant differences between 
four treatment groups. CK represents control, F represents A. aculeatus, D represents drought, DF represents drought + A. aculeatus, HT represents heat, and 
HTF represents heat + A. aculeatus.

A B C

D E F

FIGURE 6 | Malondialdehyde (MDA; A), electrolyte leakage (EL; B), hydrogen peroxide (H2O2; C), superoxide dismutase (SOD; D), peroxidase (POD; E), and 
catalase (CAT; F) content of perennial ryegrass roots under drought and heat stress. The differences between treatments in each parameter were detected by 
one-way ANOVA at p < 0.05 level. Bars represent mean ± SD (n = 3). Columns marked with same small letter (a, b, c) indicate insignificant differences between 
four treatment groups. CK represents control, F represents A. aculeatus, D represents drought, DF represents drought + A. aculeatus, HT represents heat, and 
HTF represents heat + A. aculeatus.
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A B

FIGURE 7 | Soluble sugar (A) and soluble protein (B) content of perennial ryegrass leaves under drought and heat stress. The differences between treatments in 
each parameter were detected by one-way ANOVA at p < 0.05 level. Bars represent mean ± SD (n = 3). Columns marked with same small letter (a, b, c) indicate 
insignificant differences between four treatment groups (p < 0.05). CK represents control, F represents A. aculeatus, D represents drought, DF represents drought + 
A. aculeatus, HT represents heat, and HTF represents heat + A. aculeatus.

A B

C D

FIGURE 8 | Influences of the A. aculeatus on gene expression level (HSP26.7a, sHSP17.8, and DREB1A, A,C; POD47, Cu/ZnSOD, and FeSOD, B,D) of perennial 
ryegrass leaves under drought and heat stress. The differences between treatments in each parameter were detected by one-way ANOVA at p < 0.05 level. Bars 
represent mea ± SD (n = 3). Columns marked with same small letter (a, b, c) indicate insignificant differences between four treatment groups. CK represents control, 
F represents A. aculeatus, D represents drought, DF represents drought + A. aculeatus, HT represents heat, and HTF represents heat + A. aculeatus.
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side (φE0, φP0, and Ψo) had a prominent increase in 
inoculated-plant leaves, when compared to non-inoculated 
plant exposed to heat stress, indicating that A. aculeatus 
promoted electron transport on the PSII receptor side. In 
addition, in our results, inoculation of A. aculeatus triggered 
the decrease of VJ value under heat stress, when compared 
to non-inoculated plant, which suggests that A. aculeatus 
promotes the electron transfer from QA to QB. At the same 
time, the A. aculeatus-induced increase in Ψo further 
confirmed fungi enhanced reoxidation capacity of QA-, thereby 
promoting electron transfer after QA-. Similarly, Zhu et  al. 
(2011) have documented that mycorrhizal fungi reduced damage 
induced by high temperature treatment, which accompanying 
with enhanced chlorophyll and carotenoid content, value of 
FV/Fm (φP0) and PSII reaction activity. Taken together, these 
results implied that the inoculation of A. aculeatus modulates 
the imbalance between light absorption and utilization caused 
by high temperature though enhancing the efficiency of 
photosynthetic electron transport rate and reducing the energy 
dissipation of PSII reaction centers.

To explore on A. aculeatus-mediated protective mechanism 
of ryegrass against drought and heat stress, the lipid peroxidation 
indexes, such as EL, MDA, and H2O2, were assessed. Our 
results showed that drought and heat significantly increase 
the EL, MDA, and H2O2 level when compared to control 
condition. Concurrent to this study, Bi et  al. (2016) found 
that drought and high temperature increased the EL, MDA, 
and H2O2 content in tall fescue. In our findings, it should 
be noted that in A. aculeatus-inoculated plants, the membrane 
damage and lipid peroxidation were dramatically alleviated, 
which was accompanied by a decline in EL, MDA, and H2O2 
content. Consistent with our findings, Khalid et  al., (2018) 
observed that the application of P. indica availably modulated 
the integrity of the cell membrane when plants were exposed 
to unfavorable conditions. Taken together, our results and 
previous observations suggest that A. aculeatus acting as a 
“health insurance” played a crucial role in maintaining cell 
membrane functions and ameliorating lipid peroxidation, 
especially under drought and heat stress. At the same time, 
alongside ROS generation, plants have established a complex 
antioxidative detoxification system (Mittler, 2002; Janda et al., 
2003; Harsh et  al., 2016). Here, the SOD, POD, and CAT 
activities were decreased by A. aculeatus under drought stress. 
One explanation for this phenomenon may be that A. aculeatus 
alleviated the oxidative damage caused by the stresses, and 
on the other hand, H2O2 overproduction was tackled by the 
action of GSH, where the H2O2 was reduced to harmless H2O. 
Previous studies have demonstrated that GSH is an important 
antioxidant and signal molecule that plays an essential role 
in response to and stress tolerance (Kok and Oosterhuis, 1983; 
Janda et  al., 2003). Our previous study confirmed that A. 
aculeatus elevated GSH concentration under salt stress (Xie 
et al., 2017a). Different from drought stress, A. aculeatus induced 
the increase of POD activity and the decrease of CAT activity 
under heat stress. These results implied heat stress alters the 
activity of ROS scavenging enzymes and induced a compensation 
mechanism. Therefore, although the POD activity decreases, 

plants could remove more ROS by increasing the CAT activity 
under heat stress. After inoculation of A. aculeatus, the 
damage of heat stress to perennial ryegrass was alleviated, 
this was manifested as the increased POD activity and the 
decreased CAT activity. Overall, our results suggested  
that enhanced tolerance to drought and heat stress can 
be  associated with remission of lipid peroxidation in  
A. aculeatus-colonized plants.

Plants cope with changing environmental conditions by 
altering the expression level of stress-related genes (Krasensky 
and Jonak, 2012). HSPs are involved in a variety of 
environmental stressors (Yee-Yung et al., 2007; Timperio et al., 
2009; Ayako et  al., 2010). In line with these findings here, 
we observe that sHSP17.8 was dramatically upregulated under 
drought and heat stress, compared to control condition. 
Intuitively, under drought and heat stress, the expression level 
of sHSP17.8 was higher in A. aculeatus-inoculated leaves than 
non-inoculated regimes. In addition, many literatures confirmed 
that DREB transcription factors are induced by a variety of 
abiotic stresses such as heat, drought, salt, and low temperature 
stresses (Liu et  al., 1998; Dubouzet et  al., 2003; Chen et  al., 
2007). In our results, heat and drought stress induced the 
upregulation of DREB1A. After inoculation of A. aculeatus, 
the DREB1A expression level was further enhanced. Based 
on the above results, we  suggested that A. aculeatus could 
enhance the plant’s adaptability to heat and drought stress 
by increasing the expression of HSP17.8 and DREB1A. In 
addition to scavenging the reactive oxygen intermediates 
(ROIs) generated by stresses, the expression of ROI-scavenging 
enzymes genes was induced under stress (Dat et  al., 2000; 
Mittler, 2002). Our findings showed that drought stress induced 
an upregulation of Cu/ZnSOD, which was associated with 
increased of SOD activity when compared to control level. 
Notably, it was observed that A. aculeatus triggered the 
downregulation of Cu/ZnSOD and decreased of SOD activity 
in inoculated-plant, compared with non-inoculated ones under 
drought stress. Similarly, under heat stress, the downregulated 
expression level of POD47 and FeSOD were further enhanced 
in inoculated regimes, compared to non-inoculated ones. 
Taking these results together, A. aculeatus may confer drought 
and heat tolerance to perennial ryegrass by altering the 
expression of drought and heat-related genes.

CONCLUSION

In summary, by using perennial ryegrass plants and mutualistic 
A. aculeatus, we provide the evidence for the fungal alleviatory 
effects to the adverse effects of drought and heat stress. Our 
results indicate that A. aculeatus confers tolerance to drought 
and heat stress by altering physiological and biochemical indexes 
as well as gene expression levels of plants. According to our 
results, we  propose four important A. aculeatus-mediated 
mechanisms of perennial ryegrass response to drought and 
heat stress: (1) A. aculeatus can regulate hormone homeostasis, 
(2) reduced the damage to photosynthetic system of plants 
induced by drought and heat stress, (3) reduced oxidative 

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Li et al.   A. aculeatus-Mediated Drought and Heat Stress

Frontiers in Microbiology | www.frontiersin.org 12 February 2021 | Volume 12 | Article 593722

damage of plants induced by drought and heat stress, (4) 
altered gene expression levels related to drought and heat stress.
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