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Abstract: Symbiotic plant-fungi interaction is a promising approach to alleviate salt stress in plants.
Moreover, endophytic fungi are well known to promote the growth of various crop plants. Herein,
seven fungal endophytes were screened for salt tolerance; the results revealed that Aspergillus ochraceus
showed a great potentiality in terms of salt tolerance, up to 200 g L!. The indole acetic acid (IAA)
production antioxidant capacity and antifungal activity of A. ochraceus were evaluated, in vitro, under
two levels of seawater stress, 15 and 30% (v/v; seawater/distilled water). The results illustrated that
A. ochraceus could produce about 146 and 176 ug mL~1 IAA in 15 and 30% seawater, respectively. The
yield of IAA by A. ochraceus at 30% seawater was significantly higher at all tryptophan concentrations,
as compared with that at 15% seawater. Moreover, the antioxidant activity of ethyl acetate extract of
A. ochraceus (1000 ug mL~1) at 15 and 30% seawater was 95.83 + 1.25 and 98.33 +- 0.57%, respectively.
Crude extracts of A. ochraceus obtained at 15 and 30% seawater exhibited significant antifungal
activity against F. oxysporum, compared to distilled water. The irrigation of barley plants with
seawater (15 and 30%) caused notable declines in most morphological indices, pigments, sugars,
proteins, and yield characteristics, while increasing the contents of proline, malondialdehyde, and
hydrogen peroxide and the activities of antioxidant enzymes. On the other hand, the application of
A. ochraceus mitigated the harmful effects of seawater on the growth and physiology of barley plants.
Therefore, this study suggests that the endophytic fungus A. ochraceus MT089958 could be applied as
a strategy for mitigating the stress imposed by seawater irrigation in barley plants and, therefore,
improving crop growth and productivity.

Keywords: endophytes; barley plants; salinity; fungal endophytes; Aspergillus ochraceus; plant
growth regulation

1. Introduction

Crop plants are often exposed to unfavorable environmental conditions, including
abiotic stresses that lead to annual losses in crop productivity all over the world [1,2].
Salinity is one of the major abiotic stresses that occur in irrigated and non-irrigated regions,
leading to fierce effects on plant growth and production, particularly in crop plants which
exhibited a reduction in seed germination, plant growth, and plant biomass [3]. The
continued exposure of plants to salt stress resulted in the toxicity of specific ions and
nutrients, hormonal imbalance, and a decrease in water potential [4]. Salinity is a growing
problem in several countries around the world [5-7]. Plants grown under salinity stress
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conditions accumulate excessive amounts of salt, generating physicochemical disturbances
resulting in oxidative stress, suppression of photosynthesis, generation of reactive oxygen
species (ROS), and metabolic disorders, all of which contribute to a decrease in plant
growth and yields [8,9].

The enhancement of plant productivity by abiotic stress resistance strategies is a great
approach to sustainable agriculture because it reduces the chemical input [10]. Endophytic
fungi are part of this strategy, enhancing crop yield and quality by reducing the abiotic
stress. Fungal endophytes are eukaryotic organisms that exist in living healthy plant tissues
at some stages of their lifecycle, without producing any apparent symptoms or obvious
harm effects to their hosts [11]. Fungal endophytes obtain their food and protection from
the plant, while the plant increases its resistance against the abiotic and biotic stresses
through this symbiotic interaction [12]. Fungal endophytes play an important role in plant
growth promotion by (1) solubilizing some macronutrients, as potassium, phosphorus
and zinc, (2) atmospheric nitrogen fixing, and (3) the production of siderophores, phy-
tohormones (auxins, gibberellins, etc.), hydrogen cyanide, antioxidant compounds, and
ammonia [13]. Moreover, fungal endophytes play a major role as biocontrol agents toward
phytopathogenic fungi such as Fusarium oxysporum [14], F. solani [15], Verticillium dahlia [16],
and Rhizoctonia solani [17]. Many endophytic fungi were used for plant growth promotion as
well as biocontrol agents—for instance, Chaetomium globosum and Trichoderma harzanium [18],
Aspergillus parasiticus [19], Aspergillus ustus [20], Aspergillus terreus JF27 [21], and
Aspergillus niger [22]. Fungal endophytes enhance plant vigor by resisting herbivory
and promote plant growth by increasing the nutrient uptake and water use efficacy and
by decreasing environmental stresses [23]. The application of an endophytic fungus,
Aspergillus flavus CHS1, significantly increased the chlorophyll content, root-shoot length,
and biomass production in soybean plants under NaCl stress, up to 400 mM, by modulating
the levels of endogenous plant hormones and the activities of antioxidant enzymes. [10].

Barley (Hordeum vulgare) is a member of the Poaceae family (Gramineae). It is the
fourth major cereal crop after wheat, corn, and rice in terms of production. It is widely used
to feed humans and animals, as well as in the production of malt [24,25]. The importance of
using barley as a food is mainly due to its health benefits, in addition to being an excellent
source of dietary fiber and a functional food ingredient. Barley is cultivated in around
100 different countries [26,27].

This study aimed to use Aspergillus ochraceus MT089958 as an endophytic fungus
for the first time to regulate the growth of barley, especially under seawater irrigation
conditions, in addition to its ability to increase the barley plant’s tolerance and resistance
to salt stress conditions.

2. Results
2.1. Screening of Salt-Tolerant Endophytic Fungi

The results in Table 1 show that Aspergillus ochraceus was found to be the most salt-
tolerant fungus, capable of tolerating up to 200 g L~! of sodium chloride up to. More-
over, Alternaria tenuissima and Curvularia lunata could grow up to 150 g L~! in the pres-
ence of sodium chloride. On the other hand, Aspergillus hiratsukae, Chaetomium sp., and
Chaetomium globosum ranked lowest among the other fungal strains that tolerate sodium
chloride. From these results, A. ochraceus MT089958 was selected for further experiments
in vitro and in vivo due to its ability to tolerate high concentrations of salt compared with
other endophytic fungal strains.

2.2. Indole Acetic Acid (IAA) Production

The indole acetic acid production from A. ochraceus in 0, 15, and 30% seawater in the
presence and absence of tryptophan is shown in Figure 1. Results revealed that A. ochraceus
has the ability to produce IAA in the presence and absence of tryptophan, while IAA was
higher in the presence of tryptophan rather than in its absence. In the case of 0% seawater,
IAA increased with the increase of tryptophan concentration, reaching 44 ug mL~! at a
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tryptophan concentration of 10 g L~!. On the other hand, when A. ochraceus is grown on a
medium containing 15 and 30% seawater separately, it leads to a significant increase in IAA
production compared to 0% seawater. The yield of IAA by A. ochraceus at 30% seawater
was significantly higher than that at 15% seawater at all tryptophan concentrations, as
shown in Figure 1. In 15% seawater the yield of IAA at 0, 1,2, 5, and 10 g L~! tryptophan
was 8.8, 34.7,78.3, 246, and 154 g mL~1 while at 30% seawater the yield was 10, 75.3, 87.6,
276, and 226 pg mL ™1, respectively. Previous data showed that 30% seawater was the best
for IAA production by A. ochraceus at5 g L~! tryptophan.

Table 1. Screening of salt-tolerant endophytic fungi.

Fungal Growth at Different Concentrations of NaCl g L—1

Fungal Endophyte Name Accession Number
50 100 150 200 250

Aspergillus hiratsukae MT089951 ++ + - - -
Alternaria tenuissima MT089952 +++ ++ + — -
Chaetomium sp. MT089953 ++ + - - -
Curvularia lunata MT089955 +++ ++ + - -
Chaetomium sp. MT089956 ++ + — - -
Chaetomium globosum MT089957 ++ + - - -
Aspergillus ochraceus MT089958 +++ +++ ++ + -

+++ means high growth, ++ means moderate growth, + means low growth, and — means no growth.
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Figure 1. JAA production by A. ochraceus at different levels of salinity. Different letters indicate significant differences
between the treatments according to an LSD test at p < 0.05.

2.3. Antioxidant Production

In this study, the antioxidant potential of A. ochraceus on 0, 15, and 30% seawater
was evaluated using the DPPH method as shown in Figure 2. The results showed that
when A. ochraceus was grown on a medium containing 0% seawater (without salt stress). It
exhibited significant antioxidant activities compared to the standard (ascorbic acid) and
tended to increase its activities with increasing concentration. Moreover, in the presence of
salt stress (15 and 30% seawater), A. ochraceus exhibited an antioxidant activity that was
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significantly higher than the one listed in the absence of salt stress. Results showed that the
antioxidant activity of an ethyl acetate extract of A. ochraceus (1000 pg mL 1) at 15 and 30%
seawater was 95.83 & 1.25 and 98.33 £ 0.57%, while the lowest concentration (7.81 ng/mL)
exhibited an antioxidant activity of 51.33 and 54.7, respectively. These results indicate that
the fungal extract of A. ochraceus exhibited a strong antioxidant activity at high and low
concentrations under salt stress conditions (15 and 30% seawater).

W Ascorbicacid  B0%seawater [ 15% er MW30% er

500 250 125 62.5 31.25 15.625 7.81
ug/mL

Figure 2. Antioxidant activity of the crude extract of A. ochraceus cultured on different levels of salinity. Different letters

indicate significant differences between the treatments according to an LSD test at p < 0.05.

2.4. Antifungal Activity

In the current study, the antifungal activity of A. ochraceus at different concentrations of
seawater (0, 15, and 30%) was assessed against F. oxysporun by the agar well diffusion assay
method, as shown in Figure 3 and Table 2 Results showed that salinity at different levels
significantly affects antifungal activity, and that a salinity increase leads to an increase
in the antifungal activity of A. ochraceus, and vice versa. Moreover, the results show that
A. ochraceus at 0% seawater did not exhibit any antifungal activity on F. oxysporum. On the
other hand, A. ochraceus at 15 and 30% seawater exhibited antifungal activity. The activity at
30% was significantly higher than that at 15% seawater, and the inhibition zones at 15 and
30% seawater were 17.3 £ 0.57 and 23.6 £ 1.15 mm. Furthermore, MIC was determined at
15 and 30% seawater. It was 250 pg mL~! at 15% and 62.5 pug mL~! at 30%. A. ochraceus
exhibited a potential antifungal activity under salinity stress due to being isolated from the
halotolerant mangrove plant.

Table 2. Antifungal activity of the crude extract of A. ochraceus cultured on different salinity levels
against F. oxysporum at different levels of salinity.

Inhibition Zone (mm)

Treatment no. (1000 pg/mL) MIC (ug/mL)
0% seawater 0¢ Not Detected
15% seawater 17.3 £ 0.57° 250

30% seawater 236+ 1152 62.5

Different letters indicate salinity at different levels.
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Figure 3. Inhibition zones caused by the crude extracts of A. ochraceus cultured at different levels of
salinity (0, 15, and 30% seawater) against F. oxysporum.

2.5. Aspergillus Ochraceus Application Promoted the Growth of Barley Plants under Salinity
Stress Conditions

The changes in the morphological parameters of barley plants in response to the
irrigation with seawater (15% and 30%) and the application of Aspergillus ochraceus are
clarified in Figure 4. The irrigation with 15 and 30% seawater significantly decreased the
shoot length (by 11.48 and 16.14%), root length (by 21.24 and 26.26%), shoot fresh weight
(by 42.09 and 52.4%), shoot dry weight (by 17.02 and 31.57%), root fresh weight (by 21.79
and 46.15%), root dry weight (by 18.18 and 43.63%), and number of leaves (by 4.25 and
12.5%), respectively, of barley plants as compared to control plants (0% seawater). The
obtained results, in Figure 4, also clarified that the application of the A. ochraceus fungus
increased the morphological characters of non-stressed wheat plants (control), and the most
significant increases were found in shoot length (by 19.88%), shoot fresh weight (by 64.54%),
shoot dry weight (by 151.31%), and number of leaves (by 45.45%). Regarding the interaction
between salinity levels and A. ochraceus treatment, the fungus treatment promoted all the
tested parameters of barley morphology compared to salinity-stressed plants.

2.6. Aspergillus Ochraceus Application Enhanced Leaf Pigments of Barley Plants under Salinity
Stress Conditions

The influence of seawater (15% and 30%) and A. ochraceus on photosynthetic pigments
of barley plants is illustrated in Figure 5. The irrigation with seawater at 15% and 30%
concentrations exhibited a significant decrease in the contents of chlorophyll a (by 26.98 and
44.89%), chlorophyll b (by 24.64 and 54.06%), total chlorophylls (by 25.92 and 48.75%), and
carotenoids (by 37.86 and 69.90%) in barley plants as compared with unstressed plants (0%
seawater). It has been observed that the irrigation with seawater at 30% recorded the lowest
decrease in the measured parameters. On the other hand, applying endophytic A. ochraceus
as treatment caused significant increases in the contents of photosynthetic pigments of non-
stressed barley plants, compared to controls (see Figure 5). Furthermore, salinity-stressed
barley plants (15, 30% seawater irrigated plants) observed significant enhancements in
their contents ofchlorophyll a (by 22.42 and 37.06%), chlorophyll b (by 22.77 and 16.57%),
total chlorophyll (by 22.56 and 29.17%), and carotenoids (by 49.47 and 32.25%) as a result
of the A. ochraceus endophytic fungus treatment compared to untreated plants.
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2.7. Aspergillus Ochraceus Application Affected the Soluble Sugar, Protein, and Proline Contents
of Barley Plants under Salinity Stress Conditions

2.7.1. Soluble Sugars

The impact of seawater (15% and 30%) and the endophytic fungus Aspergillus ochraceus
on the contents of soluble sugars in barley are shown in Table 3. There is a significant
reduction in soluble sugar contents in barley plants because of the irrigation with seawater
either at 15% or 30% concentrations (by 15.44 and 24.11), respectively. Regarding the
interaction between seawater irrigation and the fungus treatment, the application of the
endophytic fungus A. ochraceus was found to be able to increase the contents of sugars in
seawater-stressed barley plants (by 10.27 and 14.27%) compared with un-treated plants.
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Figure 4. Effect of seawater irrigation, A. ochraceus application, and their interactions on the mor-
phological parameters of barley plants {(A) shoot length, (B) root length, (C) shoot fresh weight,
(D) shoot fresh weight, (E) root fresh weight, (F) root dry weight, and (G) number of leaves}. Each
bar represents the mean =+ standard error. Different letters indicate significant differences between
the treatments according to an LSD test at p < 0.05.
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Figure 5. Effect of seawater irrigation, A. ochraceus application, and their interactions on leaf pigments
of barley plants {(A) chlorophyll a, (B) chlorophyll b, (C) chlorophyll a + b, and (D) carotenoids}. Each
bar represents the mean =+ standard error. Different letters indicate significant differences between
the treatments according to an LSD test at p < 0.05. FW: fresh weight.

Table 3. Effect of seawater irrigation, A. ochraceus application, and their interactions on soluble sugars, soluble proteins,
and free proline contents (mg g~! DW) in barley plants. Each value represents the mean + standard error. Different letters
indicate significant differences between the treatments according to an LSD test at p < 0.05. DW: Dry weight, S.W.: Seawater.

Treatments Soluble Sugars Soluble Protein Free Proline
0% S.W. 93.09 £2.96b 44.89 £ 0.73b 0.38 +£0.01d
Salinity 15% S.W. 78.72 +0.90d 30.67 £ 0.29 e 0.88 + 0.03b
30% S.W. 70.65 + 2.37 e 2552 + 0.57 f 1.00 £ 0.02 a
Salinity + A 0% S.W. 104.08 +2.01 a 73.55 + 0.38 a 0.39 £ 0.002 d
a 1}rluty +A 15% S.W. 86.81 + 2.46 be 4134 +0.32 ¢ 0.55 + 0.001 ¢
ochraceus 30% S.W. 80.72 + 3.76 cd 39.00 &+ 0.40 d 0.59 + 0.003 ¢

2.7.2. Soluble Proteins

The obtained results, in Table 3, illustrate the effect of seawater (15% and 30%) and the
endophytic fungus A. ochraceus on soluble protein contents in barley plants. It was clarified
that barley plants which were irrigated with seawater at 15% and 30% concentrations
exhibited a significantly lower content of soluble protein (by 31.68 and 43.15%) when
compared to unstressed plants (control). Contrarily, the application of the plant-growth-
promoting fungus A. ochraceus individually or under salinity stress conditions led to
improvements in the soluble protein contents of barley plants.

2.7.3. Free Proline

The impact of seawater stress (15% and 30%), the endophytic fungus Aspergillus
ochraceus, and their interactions on the contents of free proline in barley plants are clarified
in Table 3. The amino acid proline, that acts as an osmo-protectant, has been increased in
plants subjected to salinity stress. Results illustrate that proline contents were significantly
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increased in response to the irrigation of barley plants with seawater at both concentrations
(15% and 30%), by 131.57 and 163.15%. On the other hand, the utilization of the endophytic
fungus A. ochraceus under seawater stress at either 15% or 30% concentrations decreased
the amount of proline in barley plants (by 37.5 and 41%) compared to plants stressed
by salinity and untreated with the endophyte fungus (Table 4). Likewise, proline was
markedly decreased in Aspergillus aculeatus-inoculated barley plant leaves in comparison
with non-inoculated plants.

Table 4. Effect of seawater irrigation, A. ochraceus application, and their interactions on yield characteristics of barley

plants. Each value represents the mean =+ standard error. The letters indicate significant differences between the treatments

according to an LSD test at p < 0.05.

Treatments Spike Length Spike Weight Number of Grains Weight 1000 Grains Weight
(cm) (g plant~1) Grains (g plant~1) (g plant—1)
0% S.W. 1593+ 0.17 a 2.95 £+ 0.25 ab 2833 +1.02a 2.18 £0.15ab 73.33 £1.20 ab
Salinity 15% S.W. 12.7 +0.24 bc 1.82£0.23d 16.66 +1.20b 1.34+0.17 ¢ 56.66 £1.20 c
30% S.W. 9.96 +0.44d 133 £0.23d 9.33+145c¢ 1.09+0.20c¢ 3433 +240e
Salinity + 0% S.W. 16.3 +0.62a 3.64+0.15a 3233+ 147a 2.7+0.04a 78.66 +1.85a
A. 15% S.W. 1516 £0.57ab  2.74 +0.28 bc 2666 £1.21a 2124+021b 68.33 £2.84b
ochraceus 30% S.W. 125+ 1.04c 1.98 £0.41 cd 14.33 £ 1.51 bc 1.46 £ 0.06 ¢ 45+173e

2.8. Aspergillus Ochraceus Application Boosted the Activity of the Antioxidant Enzymes of Barley
Plants under Salinity Stress Conditions

The statistical analysis of our data showed the significant impact of seawater (15%
and 30%) irrigation and the endophytic fungus (Aspergillus ochraceus) treatment on the
activities of the antioxidant enzymes of barley plants (Figure 6). It was observed that
the activities of peroxidase (POD), superoxide dismutase (SOD), and polyphenol oxidase
(PPO) were significantly enhanced due to the irrigation of barley plants with seawater at
either 15% (by 93.24, 59.55 and 43.13%), respectively, or 30% (by 159.45, 105.61 and 49.01%),
in comparison with the unirrigated plants. Obviously, a seawater concentration of 30%
stimulates the activities of the mentioned antioxidant enzymes more than the 15% seawater
concentration. Regarding the treatment with A. ochraceus, the results in Figure 6 show
that there are no significant changes in the activities of antioxidant enzymes when barley
plants are individually treated with A. ochraceus in comparison with controls (un-treated
plants) in normal conditions. Under seawater stress conditions, the endophytic fungus
A. ochraceus exhibits a significant boosting in the activities of antioxidant enzymes (POD,
SOD, and PPO) in barley plants either at 15% (by 99.3, 100 and 34.24%) or 30% seawater
concentrations (by 21.35, 36.61 and 35.52%).

2.9. Aspergillus Ochraceus Application Suppressed the Malondialdehyde and Hydrogen Peroxide
Contents of Barley Plants under Salinity Stress Conditions

Under salinity stress conditions, the observed results, in Figure 7, showed that salinity
stress contributed to a strong increase in the contents of malondialdehyde (MDA) (by
162.94 and 214.95%) and hydrogen peroxide (H2O;) (by 150 and 289.28%) at two salinity
levels (15, 30% seawater), when compared to control plants. However, the application of
Aspergillus ochraceus significantly decreased the contents of malondialdehyde (by 42.28 and
31.72%) and hydrogen peroxide (by 57.14 and 50.45%) in salinity-stressed barley plants
when compared to untreated salinity-stressed plants.



Metabolites 2021, 11, 428 9 of 20

 Water W Asperagiltus ochraceous

I

E

=~

POD activity (L g™ FW)
SOD activity (U g ' FW)

© N e = =™

] 15% 30% 0 15% 30%
Seawater level Seawater level

a
a
' [
'
15%

©
0 30%

O

[ - I )
S &

PPO uctivity (U g ' FW)
= 4

5
0+

Seawater level

Figure 6. Effect of seawater irrigation, A. ochraceus application, and their interactions on the activity
of antioxidant enzymes of barley plants {(A) POD, (B) SOD, and (C) PPO}. Each bar represents
the mean + standard error. Different letters indicate significant differences between the treatments
according to an LSD test at p < 0.05. FW: Fresh weight.
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Figure 7. Effect of seawater irrigation, A. ochraceus application, and their interactions on the contents
of (A) malondialdehyde (nmol g_1 FW) and (B) hydrogen peroxide (mg g_1 FW) in barley plants.
Each bar represents the mean and standard error. The letters indicate significant differences between
the treatments according to an LSD test at p < 0.05. FW: fresh weight.

2.10. Aspergillus Ochraceus Application Increased the Yield Attributes of Barley Plants under
Salinity Stress Conditions

Salinity stress significantly decreased the spike length (by 20.28 and 37.48%), spike
weight (by 38.31 and 54.92%), number of grains (by 41.2 and 67.07%), grains weight (by
38.54 and 50%), and 1000 grains weight (by 22.74 and 53.19%) Table 4. Seed priming with
A. ochraceus ameliorated the deleterious effects of salinity stress (15%, 30% seawater) on
spike length (by 19.37 and 25.6%), spike weight (by 58.2 and 33.94%), number of grains (by
20.59 and 31.08%), grains weight (by 38.54 and 50%), and 1000 grains weight (by 22.74 and
53.19%). Regarding the application of A. ochraceus, the results in Table 4 show that there is
a significant increase in the yield parameters when barley plants are individually treated
with A. ochraceus, in comparison with controls (un-treated plants) in normal conditions.
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3. Discussion

The evaluation of the tolerance of fungal strains to the saline environment has received
great attention in recent years [28,29]. Moreover, the tolerance of fungal endophytes to
different hyper-saline concentrations of sodium chloride was reported by several recent
studies [28,30-33]. In the current study, A. ochraceus could tolerate sodium chloride up
to 200 g L™, and the tolerance to saline stress is explained by different mechanisms.
Firstly, by the influence exerted on its symbiotic partners to adapt to a similar range of
environments [33]. Secondly, because most fungi demand passive mechanisms such as the
production of extracellular polysaccharides to cover the cells or increase the thickness of the
cell wall, and the creation of cell clumps to survive at high salt concentrations [34]. Thirdly,
through the production of IAA reported by several recent studies, which mention the effect
of salt and heavy metal stress on the increasing IAA production by fungi in vitro [35-37].
Our findings are in accordance with Ahmad et al. [38], who reported that tryptophan is
considered as a precursor of IAA biosynthesis and that its addition to the culture medium
enhances IAA production. Furthermore, Turbat et al. [39] isolated fungal endophytes that
have the ability to produce IAA in the presence or absence of tryptophan. These findings
are in full agreement with Fouda et al. [40], who found an increase in IAA production
by Penicillium chrysogenum and Alternaria alternate, though increasing the tryptophan
concentration from 1 to 5 mg mL~!. Fourthly, endophytic fungi have the ability to produce
antioxidant compounds inside plants, which can reduce the effect of ROS and help protect
plants against biotic and abiotic stresses [41]. Biological reactions usually produce ROS as a
by-product, causing cell death due to oxidative damage to biological materials [42]. In this
context, similar findings have been reported by many studies that illustrated the antioxidant
properties of endophytic fungi, particularly in mangrove plants [43-45]. The increasing
antioxidant activity of A. ochraceus under salt stress is due to the stress that induces the
fungus to activate the antioxidant system by producing antioxidant compounds that
prevent the damage of ROS [46,47]. Fifthly, fungal endophytes produce different bioactive
metabolites, which protect their host plants from microbial infections [48]. Furthermore,
Rashmi et al. [49] reported that mangrove fungi can produce different bioactive compounds
which can help plants cope with extreme environmental conditions.

Salinity stress affects the growth and metabolism of plants and causes a reduction in
most growth indices. The decline in the growth parameters as a result of salinity stress
was recorded in different investigations [50-52]. Our findings are in accordance with those
documented by Zhang et al. [53], who found that plant height, root length, shoot fresh
and dry weight, and root fresh and dry weight were markedly decreased as a result of
salt stress. Recently, the experimental study of Osman et al. [6] demonstrated a reduction
in the morphological related-indices of saline-stressed soybean plants. Chung et al. [54]
explained that the reduction in the morphological parameters may be due to the ion toxicity
and osmotic stress resulting from salinity exposure. With respect to the application of
endophytic fungi, a study by Desai et al. [55] reported increases in the lengths of the roots
and shoots of wheat and chickpea plants in response to the application of Aspergillus sp.
Moreover, Asaf et al. [10] documented that the plant length and the fresh and dry weight
of soybean plants were significantly increased due to the application of the endophytic
fungus Aspergillus flavus CHS1 either under salinity stress or normal conditions. Other
studies also reported the utilization of endophytic fungi in enhancing plant tolerance to
salinity stress [56-59]. Such promotional effect of A. ochraceus upon the growth parameters
might be due to its ability to produce phytohormones such as indole acetic acid, which
not only regulate plant growth but also play a vital role in promoting plant growth under
normal or unfavorable conditions, including salinity.

Pigments like chlorophylls and carotenoids were decreased in salinity-stressed bar-
ley plants. On this issue, a study of Zhang et al. [53] demonstrated that the contents
of leaf pigments (chlorophyll a, b, total chlorophyll, and carotenoids) of wheat plants
were lower than those of controls due to saline stress exposure. Similarly, the study of
Jan et al. [52] evidenced that salinity stress significantly decreased the contents of chloro-
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phylls and carotenoids of maize plants. Additionally, previous studies demonstrated that
the content of plant photosynthetic pigments generally decreases under different salinity
conditions [6,60,61]. The decline of leaf pigments may be related to the oxidation of chloro-
plast pigments, instability in the pigment-protein complex [62], or the activity of degrading
enzymes under salinity stress [63]. Regarding the application of the endophytic fungus
A. ochraceus, our results are in accordance with the results in [50,58,64]. The experimental
study of Vafadar et al. [65] documented that the application of plant-growth-promoting
fungi enhanced the contents of chlorophylls in candy leaf (Stevia rebaudiana) plants. The
contents of chlorophyll a, b, and total chlorophyll in wheat plants stressed with NaCl were
not only promoted but also reached a content similar to that of the control, after being
treated with the plant-growth-promoting fungus Trichoderma longibrachiatum T6 [53]. Addi-
tionally, the inoculation of maize plants with the endophytic fungus Meyerozyma caribbica
mitigated salinity stress [52]. The mitigation role of endophytic fungi may be attributed to
the fact that they promote the biosynthesis of phytohormones and chlorophyll enzymes
under different stressful conditions [66—68].

The synthesis of compatible osmolytes is among the different reactions of plants to
salt stress. This allows cells to minimize the oxidative damage caused by ROS in response
to high salinity [6,9]. Previous studies reported a significant reduction in the soluble sugar
content due to salinity stress [6,51,69,70]. In plants exposed to salinity, soluble sugar con-
tents were markedly diminished in comparison with plants not exposed to salinity [69].
A study by Goicoechea et al. [71] assumed that the reduction in sugar contents due to
salinity may be associated with the unavailability of carbohydrates, as a consequence of
the inhibition in the photosynthesis process. It is worth noting that the inoculation of
the endophytic fungus Aspergillus japonicus increased the contents of soluble proteins in
soybean and sunflower plants as compared to untreated plants either under normal or
stress conditions [72]. Moreover, wheat plants subjected to salt stress and colonized by
endophytic fungi (Alternaria chlamydospora, Fusarium equiseti, Chaetomium coarctatum, and
Fusarium graminearum) possess a greater sugar content than uninoculated plants [70]. Pre-
vious and recent reports confirmed that Aspergillus aculeatus could mitigate the detrimental
effects of some environmental stresses, thereby enhancing plant growth via modulating syn-
thesis, degradation, and the storage of sugars to enhance salt resistance [73,74]. Moreover,
Robert-Seilaniantz et al. [75] implied that, under salinity stress conditions, plant-associated
endophytic fungi can increase the sugar content as an osmo-protectant. High levels of
sugars in mycorrhizal plants suggest that they have a role in salinity tolerance [76]. Many
reports suggested that fungal endophytes protect the plants from environmental stress by
enhancing their antioxidant activity. This change promotes sugar accumulation, which
may lead to the scavenging of ROS or prevent oxidative damage to the cells [77].

It has been previously reported that the exposure of wheat plants to different salinity
concentrations (60, 120, and 180 mM) led to significant decreases in soluble protein con-
tents [51]. Likewise, different saline stress levels (100, 200, and 300 mM of NaCl) caused
marked reductions in soluble protein contents in rice plants [78]. Early studies indicated
that salinity stress caused the depression in protein synthesis [74,79,80], which is probably
a major reason for the decline in crude protein content. High soluble protein contents have
been recorded in different crop plants when treated with endophytic fungi either under
normal or salinity stress conditions [51,78]. In suitable conditions, using Aspergillus flavus
(CHS1) significantly enhanced protein concentrations in soybean plants compared to non-
inoculated plants [10]. Furthermore, the total protein contents of sunflower and soybean
were significantly increased after being treated with A. japonicus compared with the control
plants [72]. Moreover, Radhakrishnan et al. [81] showed that the plant-growth-promoting
fungus Penicillium sp. (NICS01), which is closely related to the genus Aspergillus sp., in-
creased the protein contents of sesame plants grown in a salinized soil. They suggested
that soil fungi supply inorganic nutrients, which are essential for the biological activities of
plants. The present fungal isolate has been able to produce a plant growth regulator (IAA),
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a naturally occurring plant hormone. This regulator is known for its beneficial effects on
plant growth, especially in plants subjected to environmental stress including salinity [82].

The amino acid proline plays a pivotal role in osmo-protection and was substantially
increased in salinity-stressed plants [6,74,78,83], which is in accordance with our findings.
In a recent study, Bouzouina et al. [70] documented that salinity stress caused a notable
aggregation of proline contents in wheat plants. In common bean plants, proline levels
were substantially increased as a consequence of salinity exposure [69]. Endophytic fungi
could enhance the ability of plants to alleviate salinity stress through coordinating with
the amino acids to exert a protective mechanism [74]. The treatment with the endophytic
fungus Aspergillus japonicus caused significant reductions in the contents of proline in the
hosted plants (soybean and sunflower) under unsuitable conditions [72]. Recently, upon the
treatment with the endophytic fungus isolate Piriformospora indica, proline contents in rice
plants were suppressed in salt-stressed plants [84]. The reduction in the proline content in
stressed-barley plants as a result of the treatment with the endophytic fungus A. ochraceus
may be attributed to the fungus’ antioxidant activity, which enables it to scavenge ROS
and thus mitigate the osmotic stress. Therefore, proline, as a stress indicator, appeared in a
low concentration.

The induction of antioxidant enzymes is an important mechanism to cope with salinity-
induced oxidative stress, and our findings in barley plants are in accordance with those in
different crops, such as barley [85], common bean [69,86], lettuce [87], wheat plants [88],
and maize and rice [50]. In an earlier study, Siddiqui et al. [63] reported that the activities
of antioxidant enzymes like SOD and POD were increased when mung bean plants were
subjected to different saline levels. The results of Asaf et al. [10] demonstrated that NaCl-
induced stress levels (150 mM, 300 mM, and 400 mM) significantly increased the activity
of SOD, PPO, and POD in soybean plants. Recently, Jan et al. [52], in their study on
maize plants, indicated that salinity stress has also caused a significant increase in the
activities of peroxidases. Moreover, salinity stress produces radical species known as ROS,
like hydroxyl, superoxide, and hydrogen peroxide, which causes negative effects on the
plants’ cell, as ion toxicity, osmotic stress, and oxidative damage. Antioxidant enzymes
control these negative effects by reducing the production of free radicals and manage
the redox homeostasis in the cell through absorbing oxidants and reducing agents [89].
With respect to the application of the endophytic fungus A. ochraceus, our results are in
agreement with those reported by Asaf et al. [10], who revealed that the presence of the
Aspergillus flavus (CHS1) isolate in combination with NaCl induced the activities of SOD,
PPO, and POD enzymes in soybean plants, compared to fungus-free plants under NaCl
stress. Moreover, they reported that fungal-associated plants tolerated saline conditions by
reducing ROS through the activities of antioxidant enzymes. Furthermore, the investigation
by Li et al. [74] submitted that the application of A. aculeatus could contribute to the
detoxification of HyO, by promoting peroxidase activities under saline stress, and the
antioxidants might be playing a critical role in the A. aculeatus-mediated plant tolerance to
salinity. It was observed that the applications of endophytic fungi help in the mitigation of
salinity stress by elevating the activities of numerous detoxifying enzymes [68,90-92].

Abiotic stresses like salinity stress influence the growth and development of plants
and stimulate the generation of ROS [6,93]. The generated reactive oxygen species caused
severe damage to plant cells through the destruction of cell membranes, which results
in an increase of malondialdehyde content. In our study, the reported increase in MDA
and HyO, contents in barley leaves is due to the fact that many components, including
protein and lipids, join the formation of the plant cell membranes, and salt stress breaks
these components down within the cell membranes as a result of the increased develop-
ment of ROS, which also affects other cellular components, such as carbohydrates and
protein [6,94-96]. Endophytic fungi play a major role in combating abiotic stresses, specifi-
cally salinity stress [53,97]. Seed priming with Aspergillus ochraceus lessened the contents of
MDA and HyO; in barley leaves. The magnitude decreases in oxidative stress indicators
by the Aspergillus ochraceus extract can be attributed to the role of the fungus extract in
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diminishing salinity stress by acting as a mediator that allows barley to stimulate a stress-
responsive system, or through the regulation of the synthesis of metabolites as soluble
carbohydrates and soluble protein [73,74].

Salinity is the key abiotic element which decreases seedlings’ growth and yield by
inducing hyperosmotic and hyperionic effects on the rhizosphere of the soil [6,93]. The
reduction in crop yield may be due to a limitation in growth of stressed barley plants
and a reduction of photosynthetic pigments in barley leaves. Our results are in line
with those of other investigators [27,98-100]. Moreover, the enhancement of barley yield
due to the application of Aspergillus ochraceus may be attributed to the stimulatory ef-
fect of the IAA-producing fungus Aspergillus ochraceus, which scavenges ROS and en-
hances the growth of stressed plants. Several studies indicate the role of endophytic fungi
and IAA in diminishing the salinity stress effect on the growth and yield of different
plants [74,97,101,102]. The enhancement of the yield of barley plants in response to the
application of Aspergillus ochraceus is linked with positive changes in the growth characters
of barley plants.

4. Materials and Methods
4.1. Fungal Endophytes and Growth Condition

In our study, seven fungal endophyte strains were previously isolated from leaves of
Avicennia marina growing in a semi-arid environment. The fungal endophytes
Aspergillus hiratsukae, Alternaria tenuissima, Chaetomium sp., Curvularia lunata, Chaetomium
sp., Chaetomium globosum, and Aspergillus ochraceus were deposited in a gene bank with the
accession numbers MT089951, MT089952, MT089953, MT(089955, MT089956, MT(089957,
and MT089958, respectively [45]. All strains were inoculated on malt extract agar (MEA)
(Oxoid) plates, incubated for 3-5 days at 28 £ 2 °C, and then kept at 4 °C for further
use [103].

4.2. Screening of Fungal Endophyte Strains according to Salt Tolerance

To evaluate the ability of fungal endophyte strains to tolerate salt, different concentra-
tions of sodium chloride (50, 100, 150, 200, and 250 g L~!) were amended with an MEA
medium. Then, the fungal endophyte strains were inoculated on the surface medium at
each concentration individually and incubated for 21 days at 30 °C.

4.3. Indole Acetic Acid Production

Aspergillus ochraceus was tested for IAA production. To do so, A. ochraceus was cultured
on a malt extract broth (Oxoid) supplemented with tryptophan at different concentrations
(1,2,5and 10 g LD individually and at different seawater levels (0, 15, and 30%). Then,
it was incubated for 14 days at 30 + 2 °C. After the incubation period, a filtration was
performed: 1 mL of filtrate was mixed with 4 mL of Salkowski reagent and incubated at
room temperature for 20 min. The appearance of a pink color indicates indole formation.
The absorbance of the sample was measured at 530 nm, and the quantity of IAA was
calculated according to the IAA standard graph [104].

4.4. Antioxidant Activity of Crude Extracts of A. ochraceus

A. ochraceus was cultured on MEA media containing 0, 15%, and 30% seawater, then
incubated for 7 days at 28 & 2 °C. Crude extracts were assessed for antioxidant activity at
different concentrations (1000, 500, 250, 125, 62.5, 31.25, 15.62, and 7.81 ug mL_l) according
to the DPPH method described by Khalil et al. [45], with minor modifications.

4.5. Antifungal Activity

The antifungal activity of crude extracts of A. ochraceus in the case of 0, 15%, and
30% seawater was evaluated against phytopathogenic Fusarium oxysporum RCMB 08213,
which was purchased from the Regional Center of Mycology and Biotechnology, Al-Azhar
University, Cairo, Egypt. The antifungal activity was evaluated according to the method



Metabolites 2021, 11, 428

14 of 20

used by Khalil et al. [45], with modifications. Additionally, the minimum inhibitory concen-
tration (MIC) for each extract was determined using the broth micro-dilution method [105].
Initially, 100 uL of broth medium was added in a 96-well plate. Fungal suspensions were
prepared to be 107 spores/mL and were cultured in a 96-well plate containing a broth
medium. Two-fold serial dilutions of crude extracts of A. ochraceus were performed to
obtain a final concentration range from 1000 to 0.008 ug/L, and 100 uL was added to each
dilution. The microtiter plates with 96 U wells were incubated for 3 days at 30 °C.

4.6. Pot Experiment

A pot experiment was carried out in the botanical garden of the botany and microbi-
ology department in Cairo, Egypt, during the winter season of 2019. Sixty pots (30 cm in
diameter) were filled with sandy-loamy soil (9 kg/pot). Seeds of barley (Hordeum vulgare
L. cv. Giza 111) were supplied from the Agriculture research center, Dokki, Giza, Egypt.
Uniform seeds were surface-sterilized with 1% sodium hypochlorite and then washed
several times with distilled water. Thereafter, the seeds were divided into two equal sets.
The first was primed with Aspergillus ochraceus for 2 h. and the second was soaked in
distilled water. Seeds of each set were planted in thirty pots at the rate of 10 seeds/pot.
The growth conditions were: average day/night temperature cycle of 29/19, light 11/13 h,
and air humidity between 34% and 55%. After 21 days from sowing, the plants were
thinned to five plants per pot and the pots within each set were subdivided into three
groups for subsequent irrigation with different levels of seawater, viz 0%, 15%, or 30% (v/v;
seawater/distilled water). Seawater was collected from the Red Sea of Ain Sokhna, Egypt.
A fungal treatment was repeated twice by foliar spraying with a range of (300 mL/pot),
while fungal-free plants were sprayed with distilled water. Samples were taken from each
pot for different growth aspects (shoot and root lengths, fresh and dry weights of shoots
and roots, number of leaves per plant), along with the biochemical parameters after 49 days
from sowing, while yield samples were taken after 120 days.

4.6.1. Biochemical Parameters
Estimation of Photosynthetic Pigments

The content of chlorophyll in fresh leaves of barley plants was determined according to
a method defined by Vernon and Seely [106]. In it, one gram of fresh leaves was extracted in
100 mL of acetone (80%). The homogenate was filtered, and then the filtrate was diluted to
a total volume of 100 mL using acetone (80%). The absorbance of the extract was measured
at 470, 649, and 665 nm.

Determination of Osmolyte Contents

According to Umbreit et al. [107], the soluble sugar content of dried barley plant shoots
was quantified. One gram of sample was extracted in 5 mL of phenol (2%) and 10 mL of
trichloroacetic acid (30%). After filtration, 2 mL of the extract were mixed with 4 mL of an
anthrone reagent (2 g anthrone/L of 95% sulfuric acid). The developed blue-green color
was measured at 620 nm.

In dried shoots of barley plants, the soluble protein content was measured with the
method of Lowry et al. [108]. One gram of sample was homogenized with 5 mL of phenol
(2%) and 10 mL of distilled water. After filtration, 1 mL of extract was added to 5 mL
of alkaline reagent (50 mL of 2% NayCOj3 prepared in 0.1 N NaOH and 1 mL of 0.5%
CuSO4-5H,0 prepared in 1% KNaCyH404-4H,0) and mixed thoroughly. Then, 0.5 mL of
folin reagent was added (diluted 1:3 v/v). After 30 min, the developed color was measured
at 750 nm.

We used the method employed in Bates et al. [109] to estimate the proline content
in dried shoots of barley plants. A half gram of the dried sample was mixed with 10 mL
sulfosalicylic acid (3%). The mixture was filtered and 2 mL from it were mixed with 2 mL
of acid ninhydrin (warm 1.25 g ninhydrin in 30 mL glacial acetic acid and 20 mL 6 M
phosphoric acid) and 2 mL of acetic acid (glacial) for 60 min in a boiling water bath. Then,
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the reaction was placed in an ice bath, and 4 mL of toluene was added to the mixture. The
color was read at 520 nm.

Extraction and Determination of Antioxidant Enzymes

The antioxidant enzymes peroxidase (POD), superoxide dismutase (SOD), and polyphe-
nol oxidase (PPO) of barley plants were extracted according to methods described in [110]. The
activity of peroxidase (POD), superoxide dismutase (SOD) and polyphenol oxidase (PPO) in the
extract was estimated according to methods described in [111], [112], and [113], respectively.

Estimation of Malondialdehyde Content

Malondialdehyde content (MDA) was estimated according to the methods used by
Heath and Packer [114]. Barley fresh leaf samples were extracted by 5% trichloroacetic
acid and centrifugated at 4000 g for 10 min. Then, 2 mL of the extract were mixed with
2 mL of a 0.6% Thiobarbituric acid (TBA) solution, and the mixture was placed in a water
bath for 10 min. After cooling, the absorbance of the devolved color was at 532, 600,
and, subsequently, 450 nm. Malondialdehyde was calculated according to the following
equation: 6.45 x (A532 — A600) —0.56 % A450.

Determination of Hydrogen Peroxide (H,O;) Content

The hydrogen peroxide (H,O;) content in fresh leaves of barley plants were estimated
according to methods described in [110]. Half a gram of fresh leaves was mixed with 4 mL
of cold acetone for extraction and then filtrated. Afterwards, 3 mL of solution was mixed
with 1% titanium dioxide dissolved in 20% H;SOy4, and then the mixture was centrifugated
at 6000x g for 15 min. The developed yellow color was then measured at 415 nm.

4.7. Statistical Analysis

To assess the significance difference between the treatments, we used CoStat (CoHort
software, Monterey, CA, USA). Data based on three replicates (n = 3) were subjected to a
one-way variance analysis (ANOVA). A least significant difference (LSD) test was applied
to compare the mean values at p < 0.05.

5. Conclusions

In the current study, A. ochraceus MT089958 was used for plant growth promotion as
well as an antifungal agent at different irrigation levels. Fungal endophyte strains were
screened for salt tolerance; the results showed that A. ochraceus ranked highest with regard
to salt tolerance. In vitro, A. ochraceus produces IAA and antioxidant compounds at 15 and
30% seawater, higher than 0% seawater. Moreover, an A. ochraceus extract at 15 and 30%
seawater exhibited antifungal activity toward F. oxysporum. In vivo, the endophytic fungus
A. ochraceus overcame the deleterious effects of salinity and caused significant increases
in the growth traits, leaf pigments, sugars, protein contents, and yield criteria of barley
plants grown under salinity stress (either at 15 or 30% seawater). Additionally, using
A. ochraceus inhibited the amount of proline, malondialdehyde, and hydrogen peroxide,
but increased the activities of antioxidant enzymes of barley plants as a mitigation method
for the developed damage from salinity stress. Therefore, the current study recommends
using the endophytic fungus A. ochraceus MT089958 as a way of promoting plant growth in
normal and salinity conditions. In addition, this strategy is eco-friendly and easy to apply
in the field for regulating and boosting the growth, metabolic activities, and production of
different crops.
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