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Abstract

To evaluate the effect of drought stress on some physiological characteristics of six endophyte-infected (E+)
genotypes and four endophyte-free (E-) genotypes of Lolium perenne, an experiment was carried out within a
completely randomized design in three replications. In pot culture, one- month stress conditions for E+and E-
genotypes of L. perenne were handled by limiting irrigation to fulfill 20% field capacity of the soil. The physiological
characteristics of E+and E- genotypes of L. perenne indicated a better resistance of E+genotypes under drought
stress in terms of higher biomass and relative water content, deeper root system, and greater osmolytes
accumulation and antioxidant potential. It is concluded that the osmotic adjustment (higher content of proline
and total carbohydrate), lower oxidative biomarkers (H,O, and MDA content), higher enzymatic and nonenzymatic
components (phenolic, GSH), and induction of stress hormone (Abscisic acid (ABA)) are key protective mechanisms
in E4+genotypes under drought stress. In contrast, E- genotypes of Lolium had some compliant mechanisms to
cope with drought stress, including enhanced antioxidant activity, presented lower lipid peroxidation, improved
osmolyte accumulation, induction of ABA hormone and up-regulation of Lptip1,;1 and Lptip1,2; aquaporin genes. It
seems that E- genotypes apply the defensive antioxidant mechanism more than E+genotypes and use more ABA
as a critical component of the stress acclimation mechanism in drought conditions.
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Introduction

Grasses adapted to cold climates are one of the most
valuable species from an economic and environmen-
tal point of view because they play a key role in carbon
fixation and are healthy fodder for livestock consump-
tion [1]. Many cool-season grasses are hosts to fungal
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studies have reported that symbiotic associations with


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-025-06275-6&domain=pdf&date_stamp=2025-3-15

Vanani et al. BMC Plant Biology (2025) 25:344

endophytes can play a significant role in grass adaptation
to abiotic and biotic stress [3]. The symbiotic relationship
confers abiotic stress tolerance by activating the host’s
stress-response systems promptly upon stress exposure,
thereby avoiding or mitigating the impact [4]. Endo-
phytes enhance drought tolerance in their host plants
by growth and productivity improvement, altering root
structures, accumulating compatible solutes, adjusting
water relations and photosynthesis, improving phytohor-
mone regulation and antioxidative capacity, and regula-
tion of drought-related genes [5-7]. All the mentioned
morphophysiological alterations above are related to a
highly regulated dynamic response at the molecular and
cellular level, which the plant’s response depends on the
stress intensity and the genotype [8]. Nevertheless, the
mechanisms activated by endophytic fungi in the mitiga-
tion of drought stress are an open topic of study [9, 10].

Perennial ryegrass is one of the most cultivated spe-
cies deemed suitable for agriculture [11], as it combines
fodder yields and nutritive value. Perennial ryegrass is
a drought-sensitive grass species; however, significant
genotypic variation in response to drought stress has
been demonstrated [12]. Drought stress is a major abi-
otic factor that limits plant growth and crop productivity
worldwide [13], seriously jeopardising plant production
in 25% of the world’s land. In Iran, drought stress is the
primary environmental challenge limiting agricultural
production in the semi-dry and rain-fed areas. Loca et
al. 2019 reviewed that drought stress negatively disturb
water relations, carbohydrate metabolism, respiration,
and induces the generation of ROS, lipid peroxidation
and denaturing of proteins in cool-season grass spe-
cies [14]. The Epichloe-Lolium association is generally
considered to confer drought tolerance to L. perenne as
supported by many studies [15-17]. Notably this effect
varied depending on many factors such as the endophyte
strain, the host genotype, and the type of stress [18, 19].
However, there are some reports demonstrating no evi-
dence for improved drought tolerance by endophyte
infection [20—-22]. In the most recent meta-analysis con-
ducted by Dastogeer (2018), fungal endophytes influence
plant performance differently based on the context [23].
In drought conditions, endophytic effects in plants were
more pronounced than in plants grown under normal
irrigation. The interaction outcome between a plant and
a fungus is determined by their specific identities.

The objective of the present study was to examine the
effects of endophytic fungi on the ability of L. perenne
genotypes to recover from drought stress. The work-
ing hypothesis was that endophytes would improve host
growth during drought stress, but the extent of improve-
ment would depend on the host genotype. Therefore, in
the present study, Lolium biomass, relative water content,
osmo-protective molecules, abscisic acid concentration,

Page 2 of 16

glutathione content, antioxidant enzymes activities, and
gene expression of aquaporins among ten genotypic
combinations (6 E + genotypes and 4 E- genotypes) were
compared under drought stress.

Material and methods

Plant material of this experiment consisted of six E + gen-
otypes (C8, S10, S9, C10, C9 and C6) and two E- geno-
types (C7, S3, Vigor and Speedy) of L. perenne, whose
parents were used in previous research and collected
from different regions of Iran, especially the North and
Northeast [24]. Two commercial E- genotypes including
Vigor and Speedy (Burenbrug Company, Netherlands)
were also used as control in the experiment. Except two
commercially available genotypes of Vigor and Speedy,
seeds of other genotypes of perennial ryegrass were col-
lected previously from Jangal-e Abr (Cloud Forest),
Golestan, located at 36.7531° N, 55.0317° E, by Torkian et
al. [24]. Eight native genotypes along with two commer-
cial genotypes were surveyed in a greenhouse pot cul-
ture in compliance with a completely randomized design
with three repetitions. Greenhouse conditions included a
16 h/8 h light/dark photoperiod at a temperature range of
18.3 to 25.5 °C.

The uniform and healthy tillers were cultivated in pots
(size: 18*16 cm) containing mixture of sand and soil in
the ratio of 1:3 (v/v) and were placed in greenhouse con-
ditions. The results of soil chemical analysis were as pH:
7.78, E.C.: 1.34 dS m™}, and available organic matter,
nitrogen, phosphorus and potassium were 0.45%, 0.043%,
8.9 and 252 mg/kg, respectively. An irrigation program
was carried out every day for a week and then based on
the plant’s needs. We determined the endophyte status in
the leaf sheaths of all plants by Saha et al. [25] method
before and at the end of the experiment. Following eight
weeks (60 days) of growth, half of the pots were subjected
to a dry-down, and the remaining pots were irrigated
to approximately preserve their container capacity. The
plant was subjected to drought stress treatment through
a controlled dry down process, where soil moisture was
gradually decreased to 20% of the container’s capac-
ity and maintained within this range for a period of 30
days. Soil moisture content was determined using a Theta
Probe soil moisture sensor (AT Delta-T Devices SM300,
from Cambridge, England). Pots receiving drought treat-
ment were subsequently rehydrated to 90% of their con-
tainer capacity on day 90 and maintained within this
range for a period of 1 month (Fig. 1).

Physiological parameters were measured under
drought stress and control conditions. Fresh leaf tis-
sue samples for biochemical analysis were collected at
one week after stress, then sealed in plastic bags, frozen
with liquid nitrogen, and stored at — 80 °C for examina-
tion of H,0O,, MDA, antioxidant enzymes, and ABA
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Fig.1 Thetimeline forendophyte infected (E+) and non-infected (E-) genotypes of Lolium perenn under well-watered, drought and rehydration conditions

levels, as well as to analyze gene expression levels. The
dry weights of shoots and roots, as well as the relative
water content (RWC), proline, total phenolic, total car-
bohydrate, and glutathione contents, were measured at
the end of drought stress period. The harvested mate-
rial were washed with distilled water and dried on filter
paper at the end of experiment. To prevent the loss of
fine roots when washing the plant roots, a 1 mm mesh
was used. The leaves and roots were separated for each
plant. The leaves and roots were dried at 65 °C for 48 h.
The dry weights were then calculated. After one month of
rehydrarion, the green and dried parts of the plants were
separated and weighed.

RWC measurment
RWC of leaves were determined using the method of
Barrs and Weatherley [26].

Proline content
The free proline content in 0.1 g of fresh leaf samples was
evaluated as described by Troll and Lindsley [27].

H,0, assay

H,O, concentration was extracted and quantified
after reaction with potassium iodide (KI) according to
Alexieva et al. [28] method.

MDA assay

The level of MDA in the leaves was calculated using the
thiobarbituric acid (TBA) test [29] to survey the mem-
brane damage.

Antioxidant enzymes and glutathione (GSH) assays
Catalase (CAT), superoxide dismutase (SOD), guaiacol
peroxidase (GPX), ascorbate peroxidase (APX), glutathi-
one reductase (GR), and glutathione S-transferase (GST)
enzymes activities were spectrophotometrically detected
in leaf tissue extracts as explained in our previous work
[30]. The GSH content of the leaves was measured based
on the method of May and Leaver [31].

Measurement of soluble carbohydrate content

Freeze-dried leaves (0.1 g) were used to determine the
concentration of soluble carbohydrates. It was extracted
in 5 ml of 80% ethanol (v/v). After boiling the extracts
and centrifuging with anthrone reagent, the absorption
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of the samples was read at 625 nm [32]. The soluble car-
bohydrate content was expressed as mg/g FW glucose
equivalent using the standard curve.

Determination of total phenolic compounds
Total phenolic compounds were evaluated according to
Singleton and Rossi [33] procedure.

Determination of ABA

We extracted ABA according to the procedure advanced
by Kelen et al. [34], with some modifications. ABA was
detected at 265 nm using High-performance liquid chro-
matography technique as explained in our previous work
[30].

Quantitative real-time PCR

Extraction of total RNA from 100 mg of fresh leaves of
ten genotypes of Lolium was performed using the DENA
zist ASIA kit (DENAzist Asia Co., # S-1010-1, Iran). First
strand ¢cDNA synthesis was performed using Prime-
Script RT Enzyme Mix I (PrimeScript TM RT reagent
Kit, Takara Company Inc., Otsu, Japan). The primers for
elongation factor 1-alpha 1 (eEFIA): (eEFIA-F 5- CCG
TTTTGTCGAGTTTGGT-3; eEFIA-R 5- AGCAACTG
TAACCGAACATAGC-3’), L. perenne tonoplast proteins
1;1 (LptipL;1): (Lptipl;1-F 5- GCGGCAACATCAGCCT
CCTCA-3] Lptipl;1-R 5- TCATGACGATCTCGAACA
CC-3), and L. perenne tonoplast proteins 1;2 (Lptip1;2):
(LptipL;2 -F 5- GCGGCAACATCACCCTCTTCC-3,
Lptip1;2 -R 5- TCATGACGATCTCCAGCACA-3) genes
were taken from Salehi et al. [35]. Quantitative real-time
PCR was managed by the Qiagen apparatus (Rotor-Gene,
USA) using SYBR Premix Ex Taq TaKaRa (Takara Bio,
Inc., Otsu, Japan). For the reactions, the thermo-cycler
program was regulated to 95 °C/5 min, then 40 cycles
(95°C/10's, 61°C/20's, 72°C/10s), and finally 95°C/15 min.
The melting curve analysis was carried out for PCR reac-
tions to confirm the specificity of the reactions. 2744t
method was employed to quantify the gene expression
levels [36].

Statistical analysis

The ANOVA analysis was done by SAS software (version
8; SAS Institute Inc., Cary, NC, USA), and LSD post-hoc
testing was applied to compare the means at <0.05. Prin-
cipal component analysis (PCA) was performed using
R software version 4.3.3. Heat map was generated using
Srplot [37].

Results

Effects of drought stress on growth parameters of E+and

E- genotypes of L. perenne

Figure 1 presents the results of the statistical analyses of
shoot and root dry weight and RWC of the ten genotypes
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of L. perenne. Shoot dry weights of both E+and E- gen-
otypes significantly decreased under drought stress
(P<0.05). The reduction of shoot dry weights of E- geno-
types was much higher than those of E+ genotypes under
drought stress (Fig. 2, A). The root dry weights of both
E+and E- genotypes increased under drought stress
(P<0.05). Drought stress increased root dry weight more
than twice in E+ genotypes, and only 22% increase was
observed in E- genotypes (Fig. 2, B). The RWC content of
both E+and E- genotypes significantly decreased under
drought stress (P<0.05). Moreover, under drought and
control conditions, the RWC content of E+genotypes
were much higher than that of E- genotypes (Fig. 2, C).

Effects of drought stress on proline, total carbohydrate,
and total phenolic contents of E+and E- genotypes of L.
perenne

Both E+and E- genotypes showed increased proline
contents under drought stress (P<0.05). Although, pro-
line content was much greater in the S10 genotype (E+)
than in the other genotypes under both drought and
control conditions (Fig. 3, A). The investigated geno-
types presented the same responses to drought stress
with respect to their total carbohydrate and total phe-
nolic contents. According to the results shown in Fig. 3B
and; 5A, total carbohydrate and total phenolic contents
increased significantly under drought stress. Together,
the highest total carbohydrate (4397.25 mg/gFW) and
total phenolic (223.23 mg/gDW) of leaves were measured
under drought stress in the E+genotypes; C6 and S9,
respectively.

Effects of drought stress on oxidative stress markers in
E+and E- genotypes of L. perenne

The concentrations of H,O, of Lolium genotypes in both
E+and E- increased considerably under drought stress.
The highest accumulation of H,O, in leaves was obtained
under stress conditions in the E- genotype (S3), with the
value of 385.86 pmol/gEW. However, the lowest H,O, in
leaves was related to well-watered E+genotypes, espe-
cially S10 (Fig. 4, A). Similarly, drought resulted in a con-
siderable production of MDA in all genotypes compared
to control plants (Fig. 4, B). The maximum increase in
content of MDA in the leaves belonged to the E- geno-
type of C7 (41.32 umol g FW) under drought stress. In
contrast, the lowest value for this index was achieved in
well-watered condition from E+ genotypes especially S10
(Fig. 4, B).

Effects of drought stress on antioxidant capacity
(enzymatic and non-enzymatic) of E+ and E- genotypes of
L. perenne

Both E+and E- genotypes significantly increased the
total glutathione content under drought stress (P<0.05)
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Fig. 2 Dry weights of shoots and roots (A and B) and RWC (C) in endophyte infected (E+) and non-infected (E-) genotypes of Lolium under drought stress.
Different letters indicate significant differences according to LSD tests (p-value < 0.05)

(Fig. 5, B). Moreover, the total glutathione content of
E+ genotypes was much higher than that of E- genotypes
under both drought and control conditions. The highest
content of total glutathione in leaves was obtained under
stress condition in the E+genotype (C6), with the value
of 7.22 pg/g FW. According to the results shown in the
figure C, GSH: GSSG ratio in both E+ and E- genotypes
decreased significantly under drought stress. Together,
the highest GSH: GSSG ratio in leaves was measured in
the E + genotype S9 under both drought and control con-
ditions (Fig. 5, C).

Compared to the control conditions, antioxidant
enzymes (including CAT, SOD, GPX, APX, GR, and
GST) activity in leaves was significantly enhanced in all

E+and E- genotypes exposed to drought stress. The high-
est CAT, SOD, GP, APX, GR, and GST activities in leaves
were measured in the E+genotypes of S9 (184.6 U/g
FW), S9 (1.87 U/g FW), C10 (11.89 U/g FW), C9 (7.61
U/g FW), S10 (0.78 U/g FW) and C8 (0.72 U/g FW),
respectively, under drought stress(Table 1).

Effects of drought stress on ABA concentration in E+and

E- genotypes of L. perenne

Both E+and E- genotypes significantly increased the
ABA concentration under drought stress (P<0.05).
ABA concentration was higher in E+genotypes than
in E- genotypes under both drought and control condi-
tions (Fig. 6). The enhancement of ABA concentration
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Fig. 3 Proline (A) and total carbohydrates (B) accumulation in endophyte infected (E+) and non-infected (E-) genotypes of Lolium perenne under drought
stress. Different letters indicate significant differences according to LSD tests (p-value <0.05)

in E- genotypes under drought stress was much higher
than that in E+genotypes. At stress condition, the ABA
concentration of C7, S3, Vigor and Speedy genotypes
increased by 7.6, 5.7, 6.2 and 5.1 folds, respectively, com-
pared to the control condition.

Effects of drought stress on the plant weight and
the expression level of aquaporin genes in E+and E-
genotypes of L. perenne
Obviously, significant changes occurred at the expres-
sion levels of LptipI;1 and Lptipl;2 genes under drought
stress, but the range of induction in gene expression was
highly genotype dependent. Figure 7 shows that expres-
sion levels of these two genes in E- genotypes (except
Vigor genotype) significantly increased under drought
stress. In the C7 genotype, the expression of two genes
was significantly elevated under drought stress with the
maximum expression level of 59 (for LptipI;1 gene) and
28 (for Lptip1;2 gene) times higher than other genotypes.
At stress condition, the expression level of Lptipl;1 of
the C9 genotype and the expression level of Lptip1;2 in
the S10 genotype increased by 1.8 and 2.1 folds respec-
tively, compared to the control condition, although
they were reduced or remained unchanged in the other
E+ genotypes.

In both E+and E- genotypes, the weight of dried parts
of plants increased considerably under drought stress

(Fig. 8, A). This increase in the weight of dried parts was
more evident in E- genotypes. The maximum increase
in the weight of dried parts belonged to the S3 genotype
(74.2 g) under drought stress. On the other hand, drought
stress led to the reduction of the weight of green parts in
both E+and E- genotypes (Fig. 8, B). This decrease in the
weight of green parts was more evident in E- genotypes.
The highest weight of green parts belonged to the S9 gen-
otype (69.6 g and 44.8 g) under both control and drought
conditions, respectively.

Multivariate data analysis

The HCA heatmap for measured traits among all treat-
ments gave interesting results. The heatmap showed that
all measured physiological and biochemical traits under
the imposed treatments could be grouped into three
clusters (Fig. 9). These results are in accordance with the
PCA biplot (Fig. 9). Accordingly, SDW, WG and RWC
were placed in a distinct cluster (A); however, the high-
est amount of these traits was observed in both E+ (S9,
C9, C6 and C10) and E- (S3) genotypes in control con-
dition. These traits generally decreased under drought
stress conditions when considering each of the genotypes
individually. Cluster B consisted of enzymatic and non-
enzymatic antioxidants, oxidative stress markers, RDW,
WD and ABA. These traits increased under drought
stress when each genotype was evaluated separately;
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Fig. 4 Hydrogen peroxide accumulation (A) and lipid peroxidation (MDA) (B) in endophyte infected (E+) and non-infected (E-) genotypes of Lolium
perenne under drought stress. Different letters indicate significant differences according to LSD tests (p-value <0.05)

however, in E+genotypes, this increase was higher. The
expression levels of Lptipl;1 and Lptipl;2 genes were
placed in the cluster C; the highest amount of expression
levels of these two genes was observed in E- genotypes
(S3 and C7). According to the studied heatmap, it can be
concluded that two E+ genotypes of L. perenne (i.e. S10
and C6) by having the highest values of the studied traits,
could be introduced as the best genotypes to deal with
drought stress.

Principal component analysis was also used to confirm
the cluster analysis results (Fig. 10). This analysis put
the studied treatments into three groups. Based on the
available results, in the control condition, 10 genotypes
of Lolium are placed into one group. However, the seg-
regation of E+and E- genotypes under drought condi-
tion occurred. As shown by cluster analysis, the E+S10
and then C6 were considered the best genotypes under

drought stress while the E- genotypes of S9 and S3 were
discerned as the best ones under control conditions.

Discussion
The affirmative role of Epichloé festucae var. lolii fungus
for improving drought tolerance in Lolium perenne was
considered in the higher relative water content (Fig. 2C),
biomass (Fig. 2A, B), weight of green parts (Fig. 8B), accu-
mulation of osmo-protective molecules (Fig. 3) and anti-
oxidant capacity (Table 1) in E+ genotypes under drought
stress. These parameters in both E- and E+genotypes
decreased under drought stress. However, E+ genotypes
had higher dry biomass, osmoprotection, and antioxidant
potential than E- genotypes, stating increased drought
tolerance in E+ genotypes of Lolium.

Multiple endophyte-mediated drought tolerance mech-
anisms have been implicated during drought stress in
plants. Dastogeer and Wylie [9] reviewed the favourable
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Fig. 5 Total phenolic compounds (A), total glotathione content (B) and GSH: GSSG ratio (C) in endophyte infected (E+) and non-infected (E-) genotypes
of Lolium perenne under drought stress. Different letters indicate significant differences according to LSD tests (p-value <0.05)

effects of endophyte infection on the growth and water
content of host plants under drought stress. E+ Lolium
genotypes had more biomass than E- genotypes. The
positive effects of this symbiotic relationship under stress
are likely due to the fact that fungal endophytes produce
auxin hormones that has been related to increasing the
growth of plants [38].

Reports suggest that the endophytic fungi can enhance
C and N accumulation, photosynthesis and plant bio-
mass (shoot, root and total), thereby enhancing the
drought stress tolerance [23, 39, 40]. However, in some
cases, during drought stress, endophytes do not have
beneficial effects on host growth, but they help the host
plant recover quickly after re-access to water [41]. Our
results revealed that compared to E- genotypes, E+ ones
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Table 1 Activities of catalase (CAT), superoxide dismutase (SOD), Guaiacol peroxidase (GPX), ascorbate peroxidase (APX), glutathione
reductase (GR), and glutathione S-transferase (GST) enzymes in endophyte infected (E+) and non-infected (E-) genotypes of Lolium
perenne under drought stress and control condition

Endo-  Genotype Condition CAT activity (U/  SOD activity =~ GPX activity =~ APX activity GR activity GST activity
phyte gFW) (U/gFW) (U/gFW) (U/gFW) (U/gFW) (U/gFW)
status
c8 Control 1204+ 21690 056+001M 2.35+0.34% 025+002P%  009+001%  009+0™s
Drought 184.5+3.85% 117+005%  1095+048° 11540175 0.64+001¢ 0.72+0.042
S10 Control 12334135 04240044 168+0.1m 042+003™°  0.09+0"™ 0.08+0"™*
Drought 18456+3.18° 132+0.02° 361+0.110 0.91+0.087 078+0022  0.59+002%
E+ S9 Control 126,06+ 2.68f 049+0.05) 29+0.141 0.78+0.020 0.13+£0.041 0.09+0"*
Drought 184.86+5.58%P 1.87+0.04 6.77+0.53¢f 2.88+0,09¢ 067+003  062+005
c10 Control 126.1 505 05101 023+0.13""  034+006™  008+0™ 0.08+001°t
Drought 177.98+4.69¢ 1.23+0.06° 11.89+0.592 1.05+0.191 073+003°  0.61+0.05e
c9 Control 124.7 +5.16%9 0.55+0.03M 0.240.09"9 044+002™°  008+001"  016+005™
Drought 1879942512 1.15+0.05¢ 1087+041°  761+0.19° 0.7+001b¢ 0.64+0.05
c6 Control 1238+152M" 0.66+0.049 0.39+0.02m 0.58+001™ 0.16+0.05' 0.13+0.04%m
Drought 18047 +4.51b¢ 12240039  928+0.19¢ 168+0.13¢ 0.72+005°¢  069+003%°
E- c7 Control 93.26+2.54) 034+002™ 1774017 0.24+0.04P™  0.04+0"d 0.03+ 0%
Drought 137.56+2.164 0.58+003" 24840220 049+0.13™  049+0" 0.51+0.06™
s3 Control 93234417 033+003™  0.09+0"rst 0.11+0% 0.04+0°4 0.04 = QP
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In each column, means followed by the same letter(s) are not significantly different (p <0.05).
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Fig. 6 ABA concentration in endophyte infected (E+) and non-infected (E-) genotypes of Lolium perenne under drought stress. Different letters indicate

significant differences according to LSD tests (p-value <0.05)

recovered better in terms of the fresh weight of green
parts upon re-watering.

One of the mechanisms of drought avoidance in
E+ plants is the improvement of water absorption from
the soil by a more extensive root system, which enables
the plant to retain sufficient water for the above-ground
organs and conserve water in plant tissues during peri-
ods of drought [42]. E+genotypes produced more root
biomass under drought stress compared to E- geno-
types (Fig. 11). Some studies have found that endophytic
fungi produce deeper root systems under drought stress
in Ormosia hosiei [43); Quercus rubra [44]; Glycyrrhiza
uralensis and Zea mays [45, 46]. As the E+genotypes
presented deeper root system under drought indicating

better water uptake from the soil, it may lead to endo-
phyte-mediated drought tolerance.

Endophytes help plants with osmotic adjustment
through the accumulation of osmo-protective molecules
like proline, sugar, organic acids (e.g., malate), and inor-
ganic ions to maintain turgor pressure, which helps the
host plant to combat destruction induced by drought
stress and allow cell enlargement and plant growth [47].
In this research, the accumulation of total carbohy-
drates and proline increased in all genotypes of Lolium
under drought stress, but the proline content was higher
in E+genotypes than uninfected genotypes. Previous
studies on tall fescue have yielded comparable results
[48, 49]. Some researchers have demonstrated the effect
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of endophytic interaction on proline content during
drought stress [40, 50, 51]. Furthermore, endophyte-facil-
itated drought tolerance in L. perenne has been reported
via the synthesis and redirecting of carbohydrates [52] in
Atractylodes lancea [53], Nicotiana benthamiana [54],
and Triticum aestivum [40]. These results indicate that
E+genotypes have an increased physiological response
capacity to drought stress, which enables excellent osmo-
lytes accumulation and accordingly increase osmotic
adjustment by these genotypes.

Our results showed that both E+and E- genotypes
increased the production of H,0O, and MDA contents

after exposure to drought stress. Furthermore, the
changes observed in the accumulation of H,O, in all
genotypes matched those in their MDA content under
drought stress. Recently, in agreement with this finding,
Afshari et al. [55] demonstrated that all populations of
Salvia subg. Perovskia had consistent accumulation pat-
terns for both H,O, and MDA under drought stress. In
the current study, a lower accumulation of H,O, and
MDA was found in E+ genotypes than uninfected geno-
types. Under drought stress, less level of ROS produc-
tion has been reported in Solanum lycopersicum infected
by endophyte than in control plants [56]. In a previous
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report, it was indicated that in comparison with E- plants
of tall fescue, lower levels of electrolyte leakage, malo-
ndialdehyde content, and H,0, content were observed
in E+ plants during drought, re-watering, and heat stress
treatment [57]. Endophyte-induced drought tolerance via
lower production of H,0O, and MDA has been reported in
Elymus [58], Capsicum annuum [59], Z. mays [60], and
Oryza sativa [61] and in a new meta-analysis published
by Dastogeer [23]. Therefore, the E+ genotypes of Lolium
showed lower content of H,0, under stress implying bet-
ter avoidance of H,O, production or scavengingH,O,
in these plants. Also, lower levels of MDA content were
observed in the E+ genotypes exposed to drought stress
indicating less lipid peroxidation resulted from ROS
damage. Our results offered better ROS protection in
E+ genotypes than in E- genotypes under drought stress.
Drought stress in plants results in the generation of
reactive oxygen species, leading to oxidative damage.
Plants are equipped with defense mechanisms involving

the biosynthesis and accumulation of antioxidant com-
pounds, mainly those related to polyphenolic antioxi-
dants [62]. Regarding total phenolic compounds, we
identified that comparing to E- genotypes, E+ genotypes
particularly S10 increased higher content of total pheno-
lic compounds under drought stress. Increment of total
phenolic compounds has formerly been documented
in different species under drought stress [63]. Pheno-
lic compounds act as potent antioxidants by donating
electrons, chelating transition metal ions, and slowing
peroxidation through membrane rigidity [64]. Imple-
menting these alterations could retard ROS propagation
and consequently inhibit peroxidative responses [65, 66].
Up-regulation and down-regulation of enzymatic anti-
oxidants help plants tolerate stress. Endophytes increase
host plants’ antioxidative capabilities, protecting them
from cellular damage during stress. Our results revealed
that endophyte infection enhanced antioxidant enzymes
activities of leaves in all E+genotypes of Lolium under
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Fig. 10 The two-dimensional biplot of PCA (principal component analysis) indicates the correlation between the ten genotypes of ryegrass, drought

stress, and some examined characteristics

drought stress. Different antioxidant enzymes have
shown their highest values in various genotypes and it
was a specific characteristic of the genotypes. This issue
is also mentioned in the research of Sharma and Dubey
[67]. The E+ genotypes have responded more effectively
against drought-induced accumulation of ROS; the high-
est amount of CAT activity was measured in genotypes
S9, C9, and C6, the highest amount of APX was mea-
sured in genotypes S9, SOD in C6 and S9, GP in C8, GR
in S10 and C6, and GST in C8, S10, and C6. Enhance-
ment of antioxidant defense enzymes in endophyte-col-
onized plants under drought stress were also found in
Triticum aestivum [40, 68] Populus sp [69], and Cucu-
mis sativus [70]. Ghaffari et al. [71] reported that Piri-
Sformospora indica upregulated glutathione S-transferase
and ascorbate peroxidase isoforms in inoculated barley.
According to the report of Siddiqui et al. [72], more resis-
tant genotypes have higher enzyme activity; as a result,

stabilization of membrane structure and reduction of
lipid peroxidation occurs [73].

GSH content as one of the components of the non-
enzymatic antioxidant system and cellular redox regula-
tors increased in all genotypes under stress compared to
the control plants. The increase of reduced glutathione
was higher in the E+genotypes, which was consistent
with the increase of enzymes such as GR in these geno-
types. The highest values of reduced glutathione were in
S9, C6 and C10 genotypes, respectively. Along with the
increase of reduced glutathione, the amount of oxidized
glutathione (GSSG) also increased. The highest values
were in Vigor, C7, C6, and C9 genotypes. The highest
GSH: GSSG ratio was recorded in control plants and this
ratio decreased in plants under stress and the lowest ratio
was recorded in the genotype C7 and the highest was in
genotypes C10, S9, and S10. According to the report of
Hasanuzzaman et al. [74], plants with endophytic fungi
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have higher antioxidant capacity and higher GSH levels.
We found that the enhancement of antioxidant potential
of E- genotypes was much higher than those of E+gen-
otypes under drought stress. Conversely to previous
findings, the conducted analyses revealed that ROS scav-
enging enzymes were more activated in the uninfected
than E+ plants. Indeed, looking at Table 1 data, it must be
stated that E+ genotypes have a basal activation of such
enzymes, as demonstrated by data already taken in con-
trol conditions. Under drought stress, the enzyme activi-
ties were all boosted, and there are many cases in which
data are higher in E+rather than E- genotypes. It seems
that the only E- genotype in which this fact is reverted
was Speedy. The upregulation of ROS-generation pro-
teins in E- genotypes may have resulted in a higher
amount of produced ROS in these genotypes than that
in the E+ genotype. Therefore, to maintain homeostasis,
they boosted enzyme activation.

Abscisic acid is a phytohormone involved in seed dor-
mancy, bud growth and adaptation to environmental
stresses such as drought, salinity, cold, heat and wound-
ing [75]. Endophytic fungi, proposed by Xu et al. [57], are
capable of sensing plant ABA and influencing gene tran-
scription, protein synthesis, and degradation. Primary

metabolism may alter, allowing for nutrient exchange
with host cells. The secondary metabolites of fungi may
also be altered for environmental adaptation. The higher
content of ABA during water deficit controls plant
growth by modulating root growth and altering leaf elon-
gation and development. Abscisic acid manages tissue
water levels by restricting stomatal opening and activat-
ing genes for cell dehydration proteins. The abscisic acid
content of inoculated seedlings of Ormosia hosiei with
Acrocalymma vagum was significantly higher than that of
non-inoculated seedlings [43]. Nevertheless, our results
showed higher ABA production in E- genotypes com-
pared to E+genotypes under drought stress. The pres-
ent findings confirm the results of Khan et al. [50], that
reported in response to drought stress, endogenous ABA
content in cucumber plants with endophytic fungi (Exo-
phiala) was lower than E- plants. It seems that higher
ABA in uninfected genotypes under drought stress is
correlated with inhibition of growth and biomass. In
contrast, E+genotypes neutralized detrimental effects
of drought by significantly increasing growth attributes
compared to uninfected genotypes.

Aquaporin, an essential membrane protein, expertly
transports water and regulates water movement and
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cellular water balance in plants [76]. On the other hand,
when plants are exposed to abiotic stress, aquaporin
responds quickly by regulating water transport and by
strengthening the antioxidant system in plants, thus
reducing H,0, accumulation and membrane damage
[77].

Strikingly, our results showed that the Lptipl;1 and
Lptip1;2 gene expression in E- genotypes were up-reg-
ulated under drought conditions. While in the infected
genotypes, we found both up-regulation and down-reg-
ulation responses of genes expression. In response to soil
water scarcity, plants regulate the expression of aquapo-
rins to minimize water flow and preserve tissue turgor.
A number of investigators have previously reported the
upregulation of aquaporin in response to water stress in
different plant species [78—80]. Up-regulation and down-
regulation of aquaporin genes in plant-endophyte inter-
actions could improve drought tolerance of a few plants,
such as O. sativa [61] and Z. mays [81]. Our results also
support the view that increased aquaporin levels can be
related to adaptation to water stress. The wild-type endo-
phyte strain secretes bioactive alkaloids into host plant
tissues when the plant is subjected to stress like water
scarcity, thereby bolstering the plant’s resilience against
such stresses. Plants infected with endophytes may thus
have greater persistence in a given environment. Under-
standing the mechanisms of drought resistance in dif-
ferent grasses infected with endophytes provides the
possibility of better use of these cultivars in urban green
spaces and pastures in arid and semi-arid areas. In our
research, screening drought-tolerant plants such as the
S10 genotype that require little water could be a prom-
ising choice to prevail productivity limitations in areas
prone to stress.

Conclusion

Under drought stress, E+ plants have a more heightened
response to the stress due to significant alterations in
their physiological characteristics. Although alterations
in the physiological characteristics under control con-
ditions were similar in all Lolium genotypes, significant
differences were observed between the screened geno-
types under drought stress conditions. The findings of
this study indicated that the E+genotypes were more
tolerant to drought stress conditions compared to the E-
genotypes, and the morphological characteristics indicat-
ing sensitivity to drought stress in these genotypes was
observed later than the E- genotypes. In fact, the results
showed that in the studied genotypes of Lolium perenne,
endophyte infection is advantageous under drought
stress but not under non-stress conditions. However, one
of the strategies applied by both, uninfected and infected
genotypes, in response to the stress, was the accumula-
tion of osmolytes, such as proline. Considering that the
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E+ genotypes developed more expanded roots than the
E- genotypes, they can absorb water more easily from
the deeper parts of the soil. The E- genotypes suffered
drought stress more than the E+ genotypes and it seems
that they responded to this stress by up-regulating aqua-
porin genes, higher ABA concentration and higher anti-
oxidant capacity (enzymatic and non-enzymatic). The
collection of Lolium perenne used in this experiment was
done from a natural habitat of the plant, and some of the
genotypes, especially S10, were superior even over com-
mercial genotypes under drought stress conditions and,
therefore, are recommended for further evaluation and
possibly utilization as a source of new cultivars develop-
ment in perennial ryegrass.
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