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Abstract: In natural systems, plant-endophyte interactions are important for reducing abiotic and
biotic stresses in plants by producing a variety of metabolites that protect plants from pathogens
and herbivores. Biocontrol strategies are increasingly being used as a viable alternative to chemical
pesticides. Entomopathogenic fungi (EPF) are one of them, and they have been touted as a successful
method for biological pest control in plants. Because EPF strains are sensitive to environmental
conditions when sprayed, the recently discovered endophytic behavior of several EPF strains has
improved their management. Cucumber mosaic virus (CMV) is one of the most common and serious
plant viruses worldwide, infecting over 1200 plant species and being spread by more than 80 aphid
species. CMV control is directed towards the use of chemical insecticides to eradicate its insect vectors.
Endophytic EPF is currently being studied to control plant virus infection, and antagonistic effects
have been reported. Metabolomics is an emerging research field for plant metabolite profiling and is
employed to study plant-endophyte interactions. In the present research, metabolomics approaches
were conducted to gain information into mechanisms involved in defense against CMV in endophytes
Beauveria bassiana and Metarhizium anisopliae (EPF)-treated diseased cucumber plants. In addition,
CMV-induced metabolic changes in cucumber plants were investigated. Our analysis indicated
large differences in cucumber metabolites due to endophytes application. In total, six hundred and
thirty-one metabolites were differentially expressed in endophyte-treated CMV diseased cucumber
plants. Regulation of different kinds of amino acids, organic acids, and phenylpropanoids metabolites
could provide insight about plant defense mechanism against CMV pathogen. Important metabolites
were found to be regulated in diseased cucumber plants due to fungal endophytes treatment that
could possibly confer tolerance to CMV disease.

Keywords: biocontrol; entomopathogenic endophytes; Beauveria bassiana; Metarhizium anisopliae;
cucumber mosaic virus; metabolomics; plant-fungi-virus interaction

1. Introduction

Endophytic fungi are microorganisms that colonize healthy plant tissues intracellu-
larly and intercellularly without creating disease symptoms [1]. In contrast to parasitic
fungi, symbiotic fungi can benefit their hosts by increasing plant growth [2—4], inducing
metabolite production [5-8], and mediating stress alleviate [9]. As a result, plant-endophyte
interactions play an important role in crop fitness, as well as triggering defensive systems
against plant diseases and insect assaults. Endophytes have been revealed to produce plant
growth regulators, secondary metabolites, and defense compounds that have been identi-
fied as a result of the evolution in genomics, transcriptomics, proteomics, and metabolomics
technologies [10]. Metabolomics, on the other hand, is a relatively new scientific subject
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that uses technology advances in analytical chemistry to detect and quantify tiny chemicals
naturally created by an organism. It has only recently been utilized to identify changes in
metabolites at the plant-endophyte interface, allowing for the discovery of new metabolites
with potential endophyte uses [11,12].

Currently, research is focused on the adoption of biological control measures against
numerous plant illnesses and pests [13]. One of these strategies is the use of entomopathogenic
fungi (EPF), which have been demonstrated to not only control insect populations but also
boost plant development [14]. Unfavorable climatic conditions, such as UV, temperatures, and
low humidity, can reduce EPF efficiency in the field [15,16], however endophytic behavior of
certain EPF can significantly improve their action [17-23]. It has also been observed that fungal
endophytes have antagonistic effects against plant viruses. Endophytically infected meadow
rye grass (Festuca pratensis Huds.) had the lowest frequency of barley yellow dwarf virus
(BYDV) (Luteoviridae: Luteovirus), according to [24]. Squash plants, Cucurbita pepo L., endo-
phytically colonized with Beauveria bassiana (Balsamo Criv.) Vuillemin (1912) (Ascomycota:
Hypocreales) isolates, were shown to have lower virus titer levels of zucchini yellow mosaic
virus (ZYMV) (Potyviridae: Potyvirus) than endophyte-free plants [25]. Moreover, endophytic
colonization of onion plants, Allium cepa, has also induced their resistance against onion
thrips and thrips-transmitted iris yellow spot virus (IYSV) (Bunyaviridae: Tospovirus) [26].
Kiarie et al. [27] reported the endophytic Trichoderma harzianum and Metarhizium anisopliae (As-
comycota: Hypocreales) as potential candidates for inducing resistance against sugarcane mo-
saic virus (SCMV) (Potyviridae: Potyvirus) and suggested their use for the integrated manage-
ment of Maize Lethal Necrosis (MLN). To date, the fungal endophytes Trichoderma asperellum
SKT-1 and Trichoderma harzianum T-22 have been shown to induce systemic resistance against
CMYV infection in Arabidopsis and tomato plants, Solanum lycopersicum, respectively [28,29]. In
addition, Gonzalez-Mas et al. [30] reported that endophytic B. bassiana colonization of melon
plants, Cucumis melo, confers protection against persistent (Cucurbit aphid borne yellows
virus, Polerovirus) and non-persistent (Cucumber mosaic virus, Cucumovirus) plant viruses’
transmission by Aphis gossypii (Homoptera: Aphididae). However, endophytic M. anisopiae
has not been studied for the control of CMV.

According to our recent studies, these two entomopathogens can colonize cucumber
plants, promote their growth, and increase their resistance to Aphis gossypii, a key vector of
CMV [4,31]. It is unknown how plant endophytes can elicit plant systemic resistance to
viruses at the metabolic level. Thus, the present study investigates the change in metabolite
profile of CMV-infected cucumber plants under the effect of entomopathogenic endophytes
treatment using metabolomics technique. The entomopathogenic fungi B. bassiana and
M. anisopliae were used in this study to investigate their viability as chemical pesticide
alternatives. In addition, the effect of CMV infection on the metabolomics of cucumber
plants has been investigated.

2. Materials and Methods
2.1. Plant Growth and Treatments

Cucumber variety “TAMARAH” was planted in Polyvinyl Chloride protected green-
house located at the American University of Beirut (AUB), under controlled conditions:
25 °C temperature (D:N), a photoperiod of 16:8 h (L:D), and 60-80% RH. The treatments
include: (NC) negative control, (C) positive control, (Bb) seed treatment with B. bassiana,
and (Ma) seed treatment with M. anisopliae. All treatments except NC were inoculated with
CMYV virus. Positive control plants were inoculated with CMV only with no fungal seed
treatment, whereas negative control plants were not inoculated with either CMV or fungi.

Two strains, B. bassiana BbL1 (MT533246) and M. anisopliae MaL1 (MT533250), isolated
from fallow soil were used in this study [4,32]. Fungal strains were grown on autoclaved
rice [33], and conidial suspensions of each strain were prepared by suspending inoculated
rice in 0.03% Tween 20 and shaken on a rotary shaker for 1 h. Resultant suspensions were
filtered through several layers of sterile cheesecloth under sterile conditions in order to
remove rice fragments. Conidial concentrations were determined using a light microscope
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and hemocytometer (Fuchs-Rosenthal), and later adjusted to 1 x 108 conidia/mL with
sterile 0.03% Tween 20 solution. The viability of conidia was assessed before preparation of
suspensions by germinating tests on potato dextrose agar (PDA) medium. In all experi-
ments, germination rates were above 95% after 24 h at 25 °C. Surface-sterilized cucumber
seeds were soaked in conidial suspensions of B. bassiana and M. anisoplige for 3 h. For
negative and positive control plants, seeds were soaked in sterile 0.03% Tween 20 only.
Soaked seeds were then sown on separate trays lined with sterile tissues and watered
regularly with sterile distilled water for 7 days. The grown cucumber seedlings were then
transplanted each to same-sized pots (15 cm diameter and depth) using a mixture of equal
parts of soil (SULIFLOR PREMIUM; NPK + Trace elements), peat moss (GREENTERRA),
and coco peat substrate in the greenhouse. Fifteen cucumber plants were used for each
treatment (B. bassiana, M. anisopliae, positive and negative control).

2.2. Confirmation of Endophytic Colonization of Plants

A re-isolation method was used to confirm the endophytic colonization of plants by
fungal stains. Five randomly selected 2-week-old seedlings from each treatment were har-
vested from the greenhouse, cleaned, and surface-sterilized. The seedlings were immersed
in 2% sodium hypochlorite for 2 min, and then in 70% ethanol for 2 min, followed by three
rinses in sterile dH,O. Disinfected seedlings were air-dried in a laminar flow hood for
15 min, the root, stem, and leaf parts of each seedling were cut using a sterile scalpel. The
obtained plant materials were placed on PDA selective media amended with antibiotics
(20 mg/L Amoxicilline), incubated at 25 °C for 4 weeks and inspected regularly to observe
fungal outgrowth. The success of the disinfection process was assessed by plating 0.5 mL
of residual rinse water on PDA and by making imprints of surface sterilized plant tissue [4].
Based on differential fungal growth on selective media, colony morphology, and micro-
scopic examination of conidia, outgrowth from the plated plant samples were identified
as B. bassiana or M. anisopliae [34]. Percent colonization of different seedling parts by the
respective inoculated fungus was calculated following the Petrini and Fisher [35] formula:
% colonization = number of sampled plant tissue showing fungal outgrowth divided by
the total number of plated plant tissue samples x 100.

2.3. CMV Infection and Plant Sampling

Symptomatic cucumber leaf samples were collected from different locations in Lebanon
and tested for CMV presence using PCR CMV set (BIOREBA-Qualiplante) [36]. Positive
tested samples (inoculum source) were preserved at 4 °C [37] in tightly closed containers
containing calcium chloride (CaCly). Inoculum was prepared by homogenizing 1 g of
infected leaf tissue taken from 5-week-old plants in 10 mL of 50 mM phosphate buffer
(PH: 7.4) using a sterile, pre-chilled, and maintained on ice mortar and pestle. Prior to
plant inoculation, carborundum fine powder (Fisher Scientific, Waltham, MA, USA) as an
abrasive was lightly dusted on two marked leaves. The inoculum was then mechanically
applied by rubbing the leaves several times from leaf base to tip using a cheesecloth [38].
In negative control (non-infected), cucumber plants were mock-inoculated with phosphate
buffer only. The success of viral infection was assessed by observation of symptom de-
velopment on leaves, double-antibody sandwich enzyme-linked immunosorbent assay
(DAS-ELISA-BIOREBA, Switzerland), and PCR test. The RNA was isolated from cucumber
leaves using CTAB method explained by Chang et al. [39] with a slight modification, and
the complementary DNAs (cDNAs) were synthesized using the iScript gDNA Clear cDNA
Synthesis Kit (BIO-RAD, CA) by using the user’s manual. A NanoDrop spectrophotometer
(Thermo Scientific, Waltham, MA, USA) was used to quantify the amount of RNA, and
agarose gel electrophoresis was used to access the quality of RNA. The following PCR
conditions were adopted: initial denaturation step of 2 min at 95 °C followed by 35 cycles,
each consisting of a 45 sec denaturation step at 95 °C, a 45 sec annealing step at 58 °C, a
1 min elongation step at 72 °C, and a final elongation step at 72 °C for 7 min. All plants
were grown under the above-mentioned controlled conditions in a protected greenhouse.
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For each treatment group, plants were covered with a separate net. Leaf samples were
collected in ten replicates from each treatment (Fungal-treated plants, positive and negative
control plants) at 3, 6, and 10 days post-virus inoculation and immediately frozen in liquid
nitrogen. Samples were stored at —80 °C for further analysis.

2.4. Sample Preparation and Metabolome Profiling

Freeze-dried samples were prepared for metabolomics analysis. Samples were ho-
mogenized into a fine powder using liquid nitrogen. Nine hundred pL of 80% methanol
was added to 100 mg of each sample, vortexed for 90 sec, and then sonicated for 30 min
at room temperature. All samples were kept at —40 °C for 1 h. After freezing, they were
vortexed again for 30 s, incubated at room temperature for 30 min, and then centrifuged at
12,000 rpm for 15 min. The supernatants for each sample were placed into glass vials and
freeze-dried (Labconco-TBA) into pellets (3 replicate pellets for each Dpi and treatment).

Metabolite profiling of the plant samples was done using 2-Channel Analysis method.
Data were collected using Dansyl- and DmPA-labeling Kit for each channel. Analyses were
performed using IsoMS Pro 1.2.15 (NovaMT Inc., Edmonton, AB, Canada) and NovaMT
Metabolite Database v2.0. Metabolomics study was performed in The Metabolomics
Innovation Centre (TMIC, Vancouver, BC, Canada).

2.5. Data Processing

A total of 66 LC-MS data from 2-channel analysis (33 LC-MS data, including 3 QC in
each channel) were first exported to .csv file with Bruker DataAnalysis 4.4. The exported
data were uploaded to IsoMS Pro 1.2.15. After a data quality check, data processing was
performed. Parameters used for data processing are minimum-maximum m/z: (220-1000),
saturation intensity (2,000,000), retention time tolerance (9 s), and 10 ppm mass tolerance.

2.6. Data Cleansing

Ten groups were assigned to 33 LC-MS data in each channel: 3 data files labeled as
“Day3_Control” group, 3 data files labeled as “Day3_B_Treatment” group, 3 data files labeled
as “Day3_M_Treatment” group, 3 data files labeled as “Day6_Control” group, 3 data files
labeled as “Day6_B_Treatment” group, 3 data files labeled as “Day6_M_Treatment” group,
3 data files labeled as “Day10_Control” group, 3 data files labeled as “Day10_B_Treatment”
group, 3 data files labeled as “Day10_M_Treatment” group, 3 data files labeled as “Negative
Control” group, and 3 data files labeled as ‘QC’ group. Peak pairs without data present in at
least 80.0% of samples in any group were filtered out. Data were normalized by ratio of total
useful signal.

2.7. Statistical Analysis

The experiments were arranged in a completely randomized design. Data sets for
percentage values of fungal colonization with M. anisopline and B. bassiana of different
cucumber plant parts and ELISA absorbance measurements were subjected to one-way
ANOVA with the fungal strain as a main factor. Data sets were analyzed with the statistical
program IBM SPSS Statistics for Windows, Version 23.0 (2015) using one-way ANOVA
after checking the assumptions for normality and the homogeneity of variance (Levene’s
test). When a significant F test was obtained at p = 0.05, separation of treatment means
was performed using Duncan test. The heat maps were done using function heat map 2
under R program, Version 3.4. Moreover, Venn diagrams were performed using GHENT
University Bioinformatics program.

3. Results

3.1. Assessment of Colonization of Beauveria bassiana and Metarhizium anisopliae in
Cucumber Plants

Cucumber seeds artificially inoculated by direct submerging in conidial suspensions
resulted in successful colonization of plant parts with tested B. bassiana and M. anisopliae
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isolates. Fungi were recovered from roots, stems, and leaf fragments on PDA selective
medium, confirming their presence in the internal tissues. Results in Table 1 and Figure 1
show that both B. bassiana and M. anisopliae isolates colonized cucumber seedlings two weeks
post-inoculation. The most successful endophyte re-isolation frequency for B. bassiana was
observed from leaf tissues (100%). In addition, 40% and 60% endophyte percentage recoveries
were observed in stem and root tissues, respectively, colonized by B. bassiana. M. anisopliae
showed 80% percentage recovery from all seedling parts (leaves, stem, and roots). None of
the control plants showed signs of M. anisopliae or B. bassiana outgrowth.

Table 1. Effect of conidial seed treatments on percentage recovery of B. bassiana and M. anisopliae
from different parts of cucumber seedlings grown in autoclaved soil pots under controlled conditions
in the greenhouse.

Treatment Leaves (% + SE) Stem (% =+ SE) Roots (% + SE)
Control 0.0+ 0.00a* 0.0+ 0.00 a 0.0 £0.00 a
B. bassiana 100 £ 0.00 b 40.0 £ 0.24 bc 60.0+0.24Db
M. anisopliae 80.0£0.20b 80.0+0.20c 80.04+0.20b

* Means (% =+ SE) within a column followed by the same letter are not significantly different at p = 0.05 (Duncan
test, after one-way ANOVA).

Figure 1. Re-isolation of EPFs from cucumber seedlings (1. B. bassiana, 2. M. anisopliae, and 3. Control
treatments).

3.2. Assessment of CMV Infection

All CMV-inoculated cucumber plants (fungal-treated and non-fungal-treated) showed
clear mosaic and blistering symptoms on leaves two weeks post-inoculation (Figure 2).
However, the negative control plants which were not inoculated with CMV or fungal
endophytes showed no virus symptoms. DAS-ELISA absorbance measurements at wave-
length 405 nm for all CMV-inoculated plants ((positive control plants (non-fungal-treated),
B. bassiana and M. anisopliae-treated plants)) showed that most plants tested CMV-positive
at 3, 6, and 10 days post-inoculation (Dpi) of the virus. The positive control of ELISA set
showed the highest absorbance measurement, while negative control plants (non-CMV in-
oculated) showed the lowest absorbance measurements. There was no significant difference
in the absorbance measurements between non-fungal-, B. bassiana- and M. anisopliae-treated
diseased plants at different Dpi 3, 6, and 10. Furthermore, there was no significant differ-
ence in the absorbance measurements between different Dpi of the same treatment (Table 2).
In addition, CMV primers set from Bioreba, (powered by Qualiplant, France) were suc-
cessfully used to identify CMV positive plants by amplifying the expected fragment size
of 870 bp. PCR results of negative control plants showed no amplification. CMV-positive
tested samples for each treatment were used for metabolome analysis.
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Figure 2. Blistering and mosaic symptoms of CMV on cucumber leaves.

Table 2. ELISA absorbance measurements (405 nm) of CMV-inoculated plants at different Dpi.

Treatment Dpi 3 Dpi 6 Dpi 10
Positive control plants 2.68 + 0.46 ** 2164+0452 174 £0.182
Metarhizium anisopliae 24440362 1.9+0.18% 2.04+0312

Beauveria bassiana 1.86+0.287 2.03+£0.312 252 +0622

* Means (4 SE) within a column followed by the same letter (a) are not significantly different at p = 0.05 (Duncan
test, after one-way ANOVA).

3.3. Metabolomic Adjustments Triggered by B. bassiana and M. anisopliae in CMV-Infected
Cucumber Plants

3.3.1. In Comparison with Non-Fungal-Treated Diseased Plants at Different Dpi

To acquire a full understanding of B. bassiana and M. anisopliae inoculated cucum-
ber plants under CMV infection, a comprehensive untargeted metabolomic analysis was
performed for all fungal-treated plants in comparison with positive control plants (non-
fungal-treated) at 3, 6, and 10 days post-CMV inoculation (Dpi) by LC-MS method.

Metabolome analysis comparisons between non-fungal-treated and fungal-treated
plants (all CMV inoculated) showed 631 metabolites that were differentially expressed.
These metabolites were filtered under different pathways or functional categories such
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as amino acids and derivatives pathway, which has the highest number of differen-
tially expressed metabolites between positive control and fungal-treated plants com-
parisons. In contrast, Betalain biosynthesis, Biotin metabolism, Caffeine metabolism,
Chloroalkane and chloroalkene degradation, Cutin, suberine and wax biosynthesis, D-
Alanine metabolism, D-Glutamine and D-glutamate metabolism, Fatty acid biosynthesis,
Flavone and flavonol biosynthesis, Folate biosynthesis, Glycerophospholipid metabolism,
Glycerolipid metabolism, Glycolysis/Gluconeogenesis, Indole alkaloid biosynthesis, Iso-
quinoline alkaloid biosynthesis, Limonene and pinene degradation, Neomycin, kanamycin
and gentamicin biosynthesis, Nitrotoluene degradation, Pentose and glucuronate intercon-
versions, Primary bile acid biosynthesis, Retinol metabolism, Short and Medium-Chain
Fatty Acids, Taurine and hypotaurine metabolism, Terpenoid backbone biosynthesis, Vi-
tamins and Derivatives, Xylene degradation, and Zeatin biosynthesis pathways have the
lowest number of differentially expressed metabolites (one or two metabolites). Among
the differentially expressed pathways are: Amino acids and derivatives (90 metabolites)
(Figure 3), Dipeptides and tripeptides (42 metabolites) (Figure 4), Glycine, serine and
threonine metabolism (21 metabolites) (Figure 5), Cysteine and methionine metabolism
(17 metabolites) (Figure 5), Glyoxylate and dicarboxylate metabolism (21 metabolites)
(Figure 6), Lysine degradation (13 metabolites) (Figure 6), Arginine and proline metabolism
(18 metabolites) (Figure 7), Alanine, aspartate and glutamate metabolism (16 metabo-
lites) (Figure 7), Tyrosine metabolism (16 metabolites) (Figure 8), C5-branched dibasic
acid metabolism (18 metabolites) (Figure 9), Citrate cycle (14 metabolites) (Figure 9),
Phenylpropanoid biosynthesis (13 metabolites) (Figure 10), and Phenylalanine metabolism
(12 metabolites) (Figure 10). Some of these metabolites were significantly increased and
others were significantly decreased, in which their expression differs between compar-
isons and treatments. Other differentially expressed pathways have a lesser number of
detected metabolites, and they include: alpha-Linolenic acid metabolism, Aminobenzoate
degradation, Arginine biosynthesis, Ascorbate and aldarate metabolism, Benzoate degra-
dation, beta-Alanine metabolism, Biosynthesis of secondary metabolites, Biosynthesis of
siderophore group nonribosomal peptides, Butanoate metabolism, Carbapenem biosynthe-
sis, Carbon fixation in photosynthetic organisms, Chlorocyclohexane and chlorobenzene
degradation, Cyanoamino acid metabolism, D-Arginine and D-ornithine metabolism,
Dioxin degradation, Flavonoid biosynthesis, Glucosinolate biosynthesis, Glutathione
metabolism, Histidine metabolism, Linoleic acid metabolism, Long-Chain Fatty Acids,
Lysine biosynthesis, Lysine degradation, Methane metabolism, Monobactam biosynthesis,
Naphthalene degradation, Nicotinate and nicotinamide metabolism, Novobiocin biosyn-
thesis, Pantothenate and CoA biosynthesis, Pentose phosphate pathway, Phenylalanine, ty-
rosine, and tryptophan biosynthesis, Phosphonate and phosphinate metabolism, Porphyrin
and chlorophyll metabolism, Propanoate metabolism, Purine metabolism, Pyrimidine
metabolism, Pyruvate metabolism, Stilbenoid, diarylheptanoid, and gingerol biosynthesis,
Sulfur metabolism, Thiamine metabolism, Toluene degradation, Tropane, piperidine, and
pyridine alkaloid biosynthesis, Tryptophan metabolism, Ubiquinone and other terpenoid-
quinone biosynthesis, Valine, leucine, and isoleucine degradation, Valine, leucine, and
isoleucine biosynthesis, and Vitamin B6 metabolism.

The columns in the heatmaps (Figures 3-10) indicate the comparisons between non-
fungal-treated diseased cucumber plants (positive control (C)) versus fungal-treated dis-
eased plants (MT: Metarhizium anisopliae treatment or BT: Beauveria bassiana treatment)
at different days post-CMYV inoculation Dpi: 3, 6, and 10 days and rows represent the
expression of different metabolites of specific pathways. The colors of heatmap indi-
cate scaled expression of metabolites in different comparisons. The color values ranging
from red to yellow, while red color indicates down-regulation and yellow indicates up-
regulation of metabolites. All metabolites presented in the heatmaps are summarized in
Supplementary Materials Table S1.
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Figure 3. Heat map showing some of the differentially expressed metabolites of amino acids and
derivatives pathway (P3) in different comparisons between positive control plants (C) and Metarhizium
(MT) or Beauveria (BT) treatments at different Dpi (Ex: 3Cvs6M means comparison between Positive
Control plants at Dpi 3 and Metarhizium-treated plants at Dpi 6). Z score is a measure of distance, in
standard deviations, from the plate mean. A well with a Z score of 0 has the same raw value as the
plate mean. A well with a Z score of 1.0 is exactly one standard deviation above the plate mean, and
a Z score of —0.5 is half a standard deviation below the plate mean.
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Figure 4. Heat map showing some of the differentially expressed metabolites of dipeptides and
tripeptides pathway (P31) in different comparisons between positive control plants (C) and Metarhizium
(MT) or Beauveria (BT) treatments at different Dpi. Z score is a measure of distance, in standard deviations,
from the plate mean. A well with a Z score of 0 has the same raw value as the plate mean. A well with
a Z score of 1.0 is exactly one standard deviation above the plate mean and a Z score of —0.5 is half a
standard deviation below the plate mean.
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Figure 5. Heat map showing some of the differentially expressed metabolites of Cysteine and
Methionine metabolism (P26) and Glycine, Serine, and Threonine metabolism (P40) pathways in
different comparisons between positive control plants (C) and Metarhizium (MT) or Beauveria (BT)
treatments at different Dpi. Z score is a measure of distance, in standard deviations, from the plate
mean. A well with a Z score of 0 has the same raw value as the plate mean. A well with a Z score of
1.0 is exactly one standard deviation above the plate mean and a Z score of —0.5 is half a standard
deviation below the plate mean.
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Figure 6. Heat map showing some of the differentially expressed metabolites of Glyoxylate and
Dicarboxylate metabolism (P42) and Lysine degradation (P50) pathways in different comparisons

between positive control plants (C) and Metarhizium (MT) or Beauveria (BT) treatments at different Dpi.
Z score is a measure of distance, in standard deviations, from the plate mean. A well with a Z score of 0
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has the same raw value as the plate mean. A well with a Z score of 1.0 is exactly one standard deviation
above the plate mean and a Z score of —0.5 is half a standard deviation below the plate mean.
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Figure 7. Heat map showing some of the differentially expressed metabolites of Alanine, Aspartate,
and Glutamate metabolism (P1) and Arginine and Proline metabolism (P5) pathways in different
comparisons between positive control plants (C) and Metarhizium (MT) or Beauveria (BT) treatments
at different Dpi. Z score is a measure of distance, in standard deviations, from the plate mean. A well
with a Z score of 0 has the same raw value as the plate mean. A well with a Z score of 1.0 is exactly
one standard deviation above the plate mean and a Z score of —0.5 is half a standard deviation below
the plate mean.
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Figure 8. Heat map showing the differentially expressed metabolites of Tyrosine metabolism pathway
(P81) in different comparisons between positive control plants (C) and Metarhizium (MT) or Beauveria
(BT) treatments at different Dpi. Z score is a measure of distance, in standard deviations, from the
plate mean. A well with a Z score of 0 has the same raw value as the plate mean. A well witha Z
score of 1.0 is exactly one standard deviation above the plate mean and a Z score of —0.5 is half a
standard deviation below the plate mean.
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Figure 9. Heat map showing some of the differentially expressed metabolites of C5-branched dibasic
acid metabolism (P17) and Citrate Cycle (TCA cycle) (P23) pathways in different comparisons between
positive control plants (C) and Metarhizium (MT) or Beauveria (BT) treatments at different Dpi. Z score
is a measure of distance, in standard deviations, from the plate mean. A well with a Z score of 0 has
the same raw value as the plate mean. A well with a Z score of 1.0 is exactly one standard deviation
above the plate mean and a Z score of —0.5 is half a standard deviation below the plate mean.
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Figure 10. Heat map showing some of the differentially expressed metabolites of Phenylalanine
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metabolism (P61) and Phenylpropanoid biosynthesis (P63) pathways in different comparisons between
positive control plants (C) and Metarhizium (MT) or Beauveria (BT) treatments at different Dpi. Z score is
a measure of distance, in standard deviations, from the plate mean. A well with a Z score of 0 has the
same raw value as the plate mean. A well with a Z score of 1.0 is exactly one standard deviation above
the plate mean and a Z score of —0.5 is half a standard deviation below the plate mean.

The comparisons showing significant differences in metabolites expression are: Dpi
3_Control vs. Dpi 6_Metarhizium or Beauveria treatment, Dpi 3_Control vs. Dpi 10_ Metarhiz-
ium or Beauveria treatment, Dpi 6_Control vs. Dpi 3_ Metarhizium or Beauveria treatment,
Dpi 10_Control vs. Dpi 3_ Metarhizium or Beauveria treatment, and Dpi 10_Control vs. Dpi
6_ Beauveria treatment. The significantly expressed metabolites (increase or decrease) are
related to the positive control plants in comparison with the fungal-treated plants. Con-
sequently, the down-regulated metabolites in positive control plants are the up-regulated
metabolites in fungal-treated CMV-infected plants due to the effect of the entomopathogenic
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fungi and the opposite is true. However, the other comparisons (Dpi 6_Control vs. Dpi
10_ Metarhizium or Beauveria treatment, Dpi 10_Control vs. Dpi 6_Metarhizium treatment)
showed no significant difference in metabolites expression; the number of metabolites
that have not been significantly expressed in all these comparisons are 1272 (under all the
above-mentioned pathways) with 157 metabolites are of unknown pathways.

Some of the significantly up-regulated metabolites in the cucumber plants inoculated
with Metarhizium anisopliae and infected with CMV include; Isomer 1 of 4-Hydroxy-4-methyl
glutamic acid, pipecolic acid, allantoic acid, iminoglycine, L-Hypoglycin, 2,4-Diaminobutyric
acid, Gamma Glutamyl Valine, Tryptophan, isomer 1 of 4-Methylene-L-glutamic acid and
Ne6-beta-Aspartyllysine (Amino acids and Derivatives—Figure 3); Hydroxy prolyl-Valine,
Isomer 1 of prolyl-Alanine, Isomer 1 of prolyl-Threonine, Tyrosyl-Alanine, Methionyl-Alanine,
Lysyl-Leucine and Tyrosyl-proline (Dipeptides and Tripeptides—Figure 4); N-acetyl glycine
and Choline (glycine, serine, and threonine metabolism—Figure 5); S-Adenosyl homo-
cysteine, 5'-methyl thioadenosine, Aspartatic acid and Isomer 1 of Homoserine (cysteine
and methionine metabolism—Figure 5); Oxalic acid and succinic acid (glyoxylate and di-
carboxylate metabolism—TFigure 6); (5)-5-Amino-3-oxohexanoic acid and carnitine (Lysine
degradation—Figure 6); Succinic semialdehyde, N-acetyl L-aspartic acid, Fumaric acid,
Alpha-ketoglutaric acid, and Gamma-aminobutyric acid (alanine, aspartate, and glutamate
metabolism—Figure 7); Proline, L-1-pyrroline 3-Hydroxy-5-carboxylic acid (Arginine and pro-
line metabolism—TFigure 7); 2,4-Dihydroxyhept-2-enedioic acid, Gentisic acid, and 3-Hydroxy
mandelic acid (Tyrosine metabolism—Figure 8); Isomer 1 of 4-Methylene L-glutamic acid,
2-Hydroxy glutaric acid and 2-Hydroxy-2-Methylbutenedioic acid (C5- branched dibasic acid
metabolism—Figure 9); Malic acid (Citrate Cycle—Figure 9); Phenyl pyruvic acid and m-
coumaric acid (phenylalanine metabolism—TFigure 10); p-coumaroyl quinic acid and Coniferyl
aldehyde (phenylpropanoid biosynthesis—Figure 10).

On the other hand, the significantly up-regulated metabolites in the cucumber plants in-
oculated with Beauveria bassiana and infected with CMV feature all the above mentioned
metabolites in addition to 4-carboxyphenyl glycine, Gamma-glutamyl valine, isomer 3
of L-threo-3-methyl aspartic acid, L-beta-Ethynylserine, L-Homocystine, Ornithine, Argi-
nine, Betalamic acid, Citrulline, Glutathione, L-Dihydroanticapsin, L-Homophenylalanine,
L-Norleucine, N-Acetyl-L-Arginine, N-Acetyl-L-Proline, Tabtoxin biosynthesis intermediate 4
(Amino acids and Derivatives—Figure 3); Prolyl-Hydroxy proline, Alanyl-Lysine, Cysteinyl-
Cysteine, Prolyl-Lysine, Valyl-Lysine, Alanyl-Glutamic acid, Glycyl-proline, Valyl-Glutamate,
Glutamyl methionine (Dipeptides and tripeptides—Figure 4); Glyceric acid (glycine, serine,
and threonine metabolism—Figure 5); Isomer 1 of Glycolic acid (glyoxylate and dicarboxy-
late metabolism—Figure 6); 5-Amino pentanamide (Lysine degradation—Figure 6); isomer
2 of citric acid/Isocitric acid (alanine, aspartate and glutamate metabolism—Figure 7); 4-
Aminobutyraldehyde and 4-Guanidinobutanal (Arginine and proline metabolism—Figure 7);
Salidroside and Gentisate aldehyde (Tyrosine metabolism—Figure 8); Aconitic acid and
isomer 1 of parapyruvic acid (C5-branched dibasic acid metabolism—Figure 9); Phenyl gly-
oxylic acid (phenylalanine metabolism—Figure 10); 4-Hydroxystyrene and trans-ferulic acid
(phenylpropanoid biosynthesis—Figure 10).

The Venn diagram (Figure 11) represents the numbers of overlapping differentially ex-
pressed metabolites among comparisons (Dpi3-Control vs. Dpi6-Metarhizium, Dpi3-Control
vs. Dpi6-Beauveria, Dpi3-Control vs. Dpil0-Metarhizium, Dpi3-Control vs. Dpil0-Beauveria).
Additionally, it shows the numbers of differentially expressed metabolites which are spe-
cific for each of these comparisons. For example, the numbers of differentially expressed
metabolites which are not overlapped with other studied comparisons and specific for
comparisons 3C vs. 6M and 3C vs. 6B are 11 and 32 metabolites, respectively. The specific
metabolites for 3C vs. 6M comparison include 2-Oxoglutaramic acid, Valyl-Hydroxyproline,
Phenylpyruvic acid, and many others. However, some of the 32 metabolites specific
for 3C vs. 6B comparison are Glyceric acid, 3-O-p-Coumaroylquinic acid, Pyroglutamic
acid, Homoserine, Methionine Sulfoxide, Vitexin, and D-Lysopine. The other overlapped
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and non-overlapped metabolites among comparisons in the Venn diagram are present in
Supplementary Materials Table S52.

Figure 11. Venn diagram depicts the number of common and non-common differentially expressed
metabolites among the comparisons (3C vs 6B, 3C vs 6M, 3C vs 10B, and 3C vs 10M).

3.3.2. In Comparison with Same Fungal-Treated Diseased Plants at Different Dpi

Metabolomic analysis comparison was also performed between same fungal-treated
diseased cucumber plants, but at different Dpi, in order to study the change in metabolite
profile with the increase of time post-inoculation of CMV virus under the effect of fungal
endophytes treatment. In addition, metabolomic analysis comparison was done between
non-fungal-treated diseased cucumber plants (positive control plants) at different Dpi. The
heatmap in Figure 12 illustrates the significantly expressed plant metabolic pathways (y-
axis) among the mentioned comparisons (x-axis) (Dpil0 Metrahizium vs. Dpi3 Metrahizium,
Dpi6 Metrahizium vs. Dpi3 Metrahizium, Dpi6 Beauveria vs. Dpi3 Beauveria, Dpil0 Beauveria
vs. Dpi3 Beauveria, Dpil0 Control vs. Dpi3 Control, Dpi6 Control vs. Dpi3 Control).
The difference in thecolors between columns in the heatmap reveals the difference in the
expression of metabolic pathways between the comparisons. The color scale ranges from
dark blue to dark red with the increase in fold change value. So, the darker the red color
means more of an increase in metabolic pathway expression. Whereas, the darker the blue
color means more of a decrease in metabolic pathway expression.
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Figure 12. Heatmap showing the differentially expressed plant metabolic pathways in comparisons
between the same treated plants at different Dpi.

3.4. Metabolomic Adjustments Triggered by CMV in Cucumber Plants

Metabolomics analysis was achieved for positive control plants (CMV-infected) in
comparison with negative control plants (non-CMV-infected) to study the effect of CMV
infection on the metabolite profile of cucumber plants. The number of non-significantly ex-
pressed metabolites in CMV-infected plants is 1021, while 251 metabolites were significantly
expressed, including 67 metabolites of significant increase (22 metabolites of them are of
unknown pathways) and 184 metabolites of significant decrease (14 metabolites of them
are of unknown pathways). The significantly decreased metabolites in positive control
plants due to CMV infection include Alpha-ketoglutaric acid, Aspartatic acid, fumaric
acid, isomer 3 of Citric acid/isocitric acid, N-acetyl-L-aspartic acid, succinic acid, succinic
semialdehyde (alanine, aspartate, and glutamate metabolism); 4-carboxyphenyl glycine,
4-methyl-L-glutamic acid, Allantoic acid, Gamma-glutamylleucine, gamma-glutamylvaline,
Iminoglycine, Isomerl of Homoserine, isomerl of L-threo-3-methyl-aspartic acid, L-beta-
Ethynylserine, L-Histidine, L-Hypoglycin A, N-Acetyl-glycine, Ornithine, pipecolic acid,
proline, pyroglutamic acid, S-Adenosyl homocysteine (Amino acids and Derivatives);
Pyrrole-2-carboxylic acid, isomerl of sarcosine and 4-Aminobutyraldehyde (Arginine
and proline metabolism); 2-Hydroxy-2-Methylbutenedioic acid, 4-Methyl-L-glutamic acid
and isomer 1 of Mesaconic acid (C5- branched dibasic acid metabolism); Malic acid
(Citrate Cycle); 3-Mercaptolactic acid and 5'-Methyl thioadenosine (cysteine and me-
thionine metabolism); Alanyl-Lysine, alanyl-Valine, isomer2 of Alanyl-Leucine, Prolyl-
Lysine (dipeptides and tripeptides); Choline (glycine, serine and threonine metabolism);
Oxalic acid (glyoxylate and dicarboxylate metabolism); 2,4-Dihydroxyhept-2-enedioic
acid (Tyrosine metabolism) (Supplementary Materials Table S3). On the other hand,
the significantly increased metabolites in positive control plants due to CMV infection
involve; 5-Methoxytryptophan, Citrulline, Epsilon-(gamma-Glutamyl)-lysine, gamma-
Glutamylhistidine and Tabtoxin biosynthesis intermediate 4 (Amino acids and Derivatives);
Isomer 1 of 4-Hydroxy-4-methylglutamic acid (C5- branched dibasic acid metabolism);
Alanyl-Glutamic acid, Glycyl-Proline and Isoleucyl-Glutamate (Dipeptides and tripeptides);
Isomer 1 of Glycolic Acid (glyoxylate and dicarboxylate metabolism); m-Coumaric acid
(phenylalanine metabolism); p-Coumaroyl quinic acid /3-O-p-Coumaroylquinic acid and
cis-beta-D-Glucosyl-2-hydroxycinnamic acid / trans-beta-D-Glucosyl-2-hydroxycinnamic
acid (phenylpropanoid biosynthesis) (Supplementary Materials Table S3).
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4. Discussion

CMV is one of the most destructive cucumber diseases, causing significant crop losses.
CMV has no specific target pesticide, and its control depends on the eradication of its
vectors using synthetic chemical insecticides. However, nowadays, biological control
strategies are of high interest to scientists because of their health and environmental
benefits when compared to chemical products. The entomopathogenic endophytes are now
mostly studied as biological control agents and their mechanism of disease control needs
in-depth exploration. The endophytes compete with the phytopathogen for nutrients and
niches, and they also produce substances that may disrupt the pathogen’s quorum-sensing
signaling [40,41]. Further, systemic resistance in host against pathogen is induced through
the change of metabolite profile triggered by endophytes [42]. Metabolomics is different
from transcriptomics and genomics, and it tells what is happening within organisms. It
links genome to phenome and aids in a broad understanding of the chemical changes in
the host plant [43]. In the current study, it was employed to gain insight into mechanisms
involved in defense against CMV in endophytic B. bassiana- and M. anisopliae-treated
diseased cucumber plants. A scheme illustrating this interaction between the host, fungi,
and virus is shown in Figure 13.
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o W . \
- @) « ‘ ‘
Endophytes Beauveria bassiana . f
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Production of secondary products

Figure 13. Metabolomic interaction between plant-fungal endophyte-virus revealed 631 differentially
expressed metabolites of various pathways.

Using LC-MS, we compared the metabolic profile of diseased cucumber plants fungal
and non-fungal-treated with endophytes. Before metabolomics analysis, the used ento-
mopathogenic fungi were assessed for their endophytic presence in cucumber tissues. The
results of endophyte re-isolation tests are consistent with our previous data [31], where
these entomopathogenic fungi were isolated from all plant parts of cucumber seedlings
grown in sterile substrate.

Endophytes can influence the production of specific metabolites [10], as evidenced
by the fluctuating concentrations found in this study; this could be related to endophytic
fungi’s influencing mechanisms. The primary metabolism plays a major role in plant
priming events by providing initiation energy and production of various vital compounds.
Among others, amino acids are chief primary metabolites directly involved in plant immune
responses [44,45]. Our data indicated an increased level of various amino acids, as these are
building blocks of several essential secondary metabolites such as polyamines, tyramine,
alkaloids, and phenylpropanoids. Amino acids presence in endophyte-treated diseased
cucumber plants after infection with CMV could reveal more insights about the role of
amino acids in cucumber defense response against the virus. Similarly, the treatment
of citrus with the endophyte Bacillus subtilis L1-21 has triggered the up-regulation of
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amino acids levels in endophyte-treated citrus after infection with the bacteria Candidatus
Liberibacter asiaticus (Clas) [42].

Accumulation of organic compounds plays an important role in biotic and abiotic
stresses plant defense [46]. Both entomopathogenic fungi in this study triggers the pro-
duction of organic acids, particularly Fumaric acid, Alpha-ketoglutaric acid, Gamma-
aminobutyric acid, allantoic acid, 2,4-Diaminobutyric acid, L-1-pyrroline 3-Hydroxy-5-
carboxylic acid, 2-Hydroxy glutaric acid, Malic acid, Aspartatic acid, Oxalic acid, succinic
acid, Gentisic acid, and others. On the other hand, Beauveria bassiana, in addition to the
above-mentioned organic acids, shows a higher abundance of citric acid, Isocitric acid,
Betalamic acid, Aconitic acid, isomer 1 of parapyruvic acid, Glyceric acid, and Glycolic acid.
A similar study [14] showed that B. bassiana inoculated maize plants under the attack of
Asian corn borer (Ostrinia furnacalis), caused adjustments in organic acids metabolites such
as succinic acid in comparison with no inoculation plants. Organic acids within cucum-
ber plants were also higher in quantity and concentration in endophytic bacteria-applied
plants [47].

The present metabolomics analysis revealed up-regulation of metabolites within
the phenylpropanoid pathway such as p-coumaroyl quinic acid, Coniferyl aldehyde,
4-Hydroxystyrene and trans-ferulic acid, triggered by endophytic presence in infected
cucumber plants. Bajaj et al. [48] reported similar results, in which the root endophytic
fungus Piriformospora indica induces altered phenylpropanoid and secondary metabolism in
colonized soybean roots. The accumulation of metabolites belonging to organic compounds
and phenylpropanoids can be a common mechanism in plant adaptation to different
stresses [14]. In addition, after treatment with the pathogen Verticillium dahliae, the defense
response of cotton plants pre-inoculated with the biocontrol fungus Chaetomium globosum
CEF-082 was strengthened through the differentially expressed genes (DEGs) of phenyl-
propanoid biosynthesis pathway [49].

Tryptophan, indole acetic acid (IAA) precursor, concentration was higher in fungal-
treated plants, and this may correspond to the axenic IAA production by the isolates. This
supports previous data of the ability of the entomopathogenic fungi to enhance cucumber
plant growth [4]. Glutathione concentration was higher in B. bassiana-treated plants, which
indicates the effect of B. bassiana in activating plant defense and the development of resis-
tance [50]. The metabolite 5'-Methylthioadenosine (MTA) is produced as a by-product in
ethylene, nicotianamine, and polyamine biosynthesis [51]. Its concentration was increased
in fungal-treated plants. This may indicate that both entomopathogenic fungi can trigger
ethylene hormone production, which is involved in many physiological processes, includ-
ing plant growth, development, and senescence, and plays a pivotal role in plant response
or adaptation under biotic and abiotic stress conditions. Moreover, it was noticed that the
abundance of pipecolic acid was increased in endophyte-treated plants, in which pipecolic
acid is one of the critical signaling molecules in regulating plant resistance under stress
conditions [52]. Oxalic acid was elevated in plants inoculated with fungal endophytes. This
metabolite is thought to play major roles in calcium regulation, ionic balance, heavy metal
detoxification, and in plant defense against herbivores [53-55].

The Venn diagram gives a clear image about the number of overlapping and non-
overlapping differentially expressed metabolites among the comparisons between CMV dis-
eased non-fungal-treated Control plants and CMV diseased fungal-treated plants
(B. bassiana or M. anisopliae treatment) at different Dpi. Thirty-three metabolites are over-
lapped among all comparisons mentioned (Dpi3-Control vs. Dpi6-Metarhizium, Dpi3-
Control vs. Dpi6-Beauveria, Dpi3-Control vs. Dpil0-Metarhizium, Dpi3-Control vs. Dpil0-
Beauveria). This shows that this number of metabolites is expressed under the effect of
either Beauveria or Metarhizium treatment with no effect of days post-inoculation of the
virus (CMV). Additionally, the Venn diagram shows that Beauveria treatment triggers the
expression of a greater number of metabolites than Metarhizium treatment in virus-diseased
cucumber plants. However, what concerns more is the number of non-overlapped metabo-
lites for each treatment at specific Dpi. The number of metabolites triggered by both
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entomopathogenic fungi at Dpi 10 was higher than those expressed at Dpi 6. These specific
metabolites for each treatment can be used in functional genomics analysis in order to
study the role of entomopathogenic fungi in biological control against CMV virus.

The heat map in Figure 12 shows that both entomopathogenic fungi triggers a different
change in metabolite profile of cucumber plants with the increase in days post-inoculation
of the virus. This difference might be due to the increase of virus infection and proliferation
in diseased plants. The expression of metabolic pathways differs between the three treat-
ments, Beauveria and Metarhizium fungal-treated diseased plants, and non-fungal-treated
diseased plants. However, the dendrogram present in the heat map shows similarity in the
expression of metabolic pathways between the same treatments at different Dpi compar-
isons. This means that the metabolites” expression at Dpi 6 or Dpi 10 in comparison with
Dpi 3 is somehow similar for any treatment (Beauveria, Metarhizium, Control). These results
provided more evidence as to how the fungus invasion influences the metabolic dynamics
of cucumber cells at different days post-inoculation of CMV.

Although endophyte-treated plants showed higher abundance of organic acids in
diseased cucumber plants, CMV-infected cucumber plants have led to the decrease of
organic acids in the plant. This demonstrates the positive effect of the entomopathogenic
fungi on the induced defense mechanism against CMV in cucumber plants. Similarly, turnip
mosaic virus (TuMV) has caused the down-regulation of most differentially expressed
volatile organic compounds in resistant and susceptible Brassica rapa lines [56]. However,
CMV infection has triggered the abundance of m-Coumaric acid, p-Coumaroyl quinic acid,
and cis-beta-D-Glucosyl-2-hydroxycinnamic acid, which are major plant defense-related
phenolic compounds [57,58]. This indicates that cucumber plants produce more phenolic
compounds as a defense mechanism against the virus. There were similar data for Egyptian
CMV isolates, which significantly increases the total phenol content in cucumber-infected
plants compared to healthy ones [59]. In contrast, CMV suppresses the synthesis of most
phenolic compounds, specifically chlorogenic acid in squash plants [60]. Pérez-Clemente
et al. [61] have reported that citrus tristeza virus (CTV) infection induced accumulation
of amino acids and derivatives. In addition, high accumulation of amino acids and their
derivatives in cucurbit chlorotic yellows virus (CCYV)-infected plants was found [62].
However, in our study most amino acids and derivatives detected were significantly
decreased in CMV-infected plants, as the Egyptian CMV isolates which triggered total
protein level decrease in infected cucumber plants [59] Amino acids increase in plants
promotes the growth and development of herbivore insects [63,64], which means that CMV
infection decrease the fitness of cucumber plants to its vectors. This explains the previous
results for the negative effect of CMV on the development of its insect vector aphids [65].

DAS-ELISA results showed no significant difference in the absorbance measurements
between fungal-treated and non-fungal-treated diseased cucumber plants. This indicates
that further research is required in order to study the effect of entomopathogenic endo-
phytes on the titer level of CMV virus in cucumber plants.

Cucumber plants treated with B. bassiana and M. anisopliae endophytes showed a
strong metabolic response to CMV infection. This method of applying endophytes to
plants could increase the resistance of cucumber varieties to CMV infection. Multiple
metabolites such as amino acids, organic acids, and phenylpropanoids were activated in
endophyte-treated diseased plants, which displayed resistance to CMV pathogen. The
study highlights the role of primary and secondary metabolites in endophyte-derived plant
defense. This metabolomics study of entomopathogenic endophytes-treated virus diseased
plants has shown that endophytes can be useful in the management of CMV disease by
enhancing cucumber defense metabolites against the virus infection. Changes in diseased
cucumber plant metabolic pathways due to fungal endophytes treatment could give future
direction for using these endophytes to gain in-depth insights about defense response to
CMV pathogen. This data explains previous findings of the ability of endophytic B. bassiana
colonization of melon plants to confer protection against CMV transmission by the vector
Aphis gossypii [30]. Additionally, this study shows how cucumber plants respond to CMV
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infection and how CMV modifies host metabolisms to enhance virus infection. This may
provide information to seed producers and breeding for plant viral diseases control.
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infected cucumber plants at different Dpi; Table S3: Metabolomic adjustments triggered by CMV in
cucumber plants.
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