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Abstract

Background: Tomato plant (Solanum lycopersicum L) suffers from numerous fungal pathogens that cause damage
to yeild production qualitatively and quantitatively. One of the most destructive disease of tomato is Fusarium wilt
that caused by soil borne fungus called £ oxysporum.

Methods: In this study, the anti-Fusarium capabilities of the foliar application of fungal endophytes extracts have
been investigated on tomato under Fusarium challenges. Antifungal assay, inhibition of conidial germination, disease
severity, photosynthetic pigments, osmolytes, secondary metabolites, oxidative stress, peroxidase (POD) and polyphe-
nol oxidases (PPO) isozymes were tested for potential resistance of tomato growing under Fusarium infection.

Results: Ethyl acetate extracts of A. flavus MZ045563, A. fumigatus MZ045562 and A. nidulans MZ045561 exhib-

ited antifungal activity toward F. oxysporum where inhibition zone diameters were 15, 12 and 20 mm, respectively.
Moreover, extracts of all fungal isolates at concentration 7.5 mg/mL reduced conidia germination from 94.4 to 100%.
Fusarium infection caused a destructive effects on tomato plant, high severity desiese index 84.37%, reduction

in growth parameters, photosynthetic pigments, and soluble protein. However, contents of proline, total phenol,
malondialdehyde (MDA), hydrogen peroxide (H,0,) and antioxidant enzymes activity were increased in tomato plants
grown under Fusarium wilt. Treatment of healthy or infected tomato plants by ethyl acetate fungal extracts showed
improvements in morphological traits, photosynthetic pigments, osmolytes, total phenol and antioxidant enzymes
activity. Besides, the harmful impacts of Fusarium wilt disease on tomato plants have also been reduced by lowering
MDA and H,0, levels. Also, treated tomato plants showed different responses in number and density of POD and PPO
isozymes.

Conclusion: It could be suggested that application of ethyl acetate extracts of tested fungal endophytes especially

combination of A. flavus, A. nidulans and A. fumigatus could be commercially used as safe biostimulation of tomato
plants as well as biofungicide against tomato Fusarium wilt disease.
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Introduction 2021). In addition to plant pathogens whose virulence
Agricultural crops suffered from many risks as biotic  is increasing and leading to severe damages that lead
stresses including fungal pathogens that are increasing  to crop failure and the formation of microbial toxins
day by day in light of climatic extremes (Hashem et al.  inside the final product, which harms the life of the
final consumer (Jackson and Taylor 1996; Khalil et al.
2019; Abdelaziz et al. 2022a).The Solanaceae fam-
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cropped as annual, and it is part of the Solanaceae and
is usually grown for its edible fruits. Tomato consid-
ers among the important crops grown over the world
for their economic and nutritional value. Tomato is an
economical plant widely cultivated all over the world
(Olatunji and Afolayan 2018). Fusarium is one of the
most common fungi and is found in agricultural soils,
whether they are cultivated organically or convention-
ally thus it classified as soil borne fungus (Elmholt
1996; Abdelaziz et al. 2022b). Tomato crops are being
reduced all over the world, including Egypt, due to
soil-borne diseases such as E oxysporum, Alternaria
that cause significant losses in productivity quantity
and quality (Attia et al.2022a, b, c). There are many
biological, natural and chemical inducers can Induce
plant resistance against biotic stresses (Abdelaziz et al.
2022c; Khattab et al. 2022).

Plant growth promoting fungi (PGPF) applied as
effective natural control against phytopathogens
including F oxysporum and improved the tomato plant
growth through encourage biochemical resistance and
improve the effectiveness of tomato resistance against
phytopathogens including Fusarium spp. (Hyaku-
machi 2013). This biochemical defence activated by
certain fungal metabolites as HCN, IAA, siderophore
and by increasing plant ability to solubilize phosphate
(Chakraborty et al. 2006; Attia et al. 2022a, b, c). Endo-
phytes are microorganisms that exist in living healthy
plant tissues without producing any diseased symp-
toms to their host plants. Endophytic fungi are very
important type of endophytes that hyperdiverse (Wani
et al. 2015; Khalil et al. 2021). Recently, scientists have
received much attention about isolation of endophytes
and the study of their natural products. plants harbor
a numerous of endophytic microorganisms, owning
huge metabolic diversity and varied bioactive sub-
stances that can be applied as a therapeutic toll against
human pathogens as well as biotic and a biotic stresses
of plants (Nisa et al. 2015, Strobel, 2018, Aldinary
et al. 2021, Badawy et al. 2021, Hashem et al. 2022).
Ethyl acetate extract derivative from endophytic fungi
have a great activity against diverse pathogenic micro-
organisms due to the occurrence of active secondary
metabolites including steroids, flavonoids, terpenoids,
peptides, quinones, lignans, alkaloids, phenylpropa-
noids, phenolics and isocoumarins (Elghaffar et al.
2022).

This study aims to evaluate the anti-fungal capabili-
ties of ethyl extracts of endophytic fungi (A. flavus, A.
nidulance, A. fumigatus) on tomato plants under Fusar-
ium infection and evaluate the promotion activity of
healthy tomato plants through a safe and ecofriendly
method.
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Materials and methods

Source of endophytic fungi

Endophytic fungi isolated from healthy Ocimum Basili-
cum then identified as A. flavus MZ045563, A. fumigatus
MZ045562 and A. nidulans MZ045561 in our previous
study (Sharaf et al. 2022).

Source of the fungal pathogen

Foxysporum f. sp. Lycopersici RCMB008001 was pur-
chased from Regional Center for mycology at Al-Azhar
University (RCMB) then was established by pathogenic-
ity test according to Hibar et al. (2007). The inoculum
was prepared according to Biittner et al. (2004).

Extraction of bioactive compounds from fungi

Endophytic fungi were cultured in potato dextrose broth
medium (PDB) (Oxoid) at 27 ‘C42 °C for 21 days under
static conditions. The fermentation broth was subjected
to filtration under septic conditions to remove fungal
mycelia. Culture filtrates of the isolated fungal endo-
phytes were extracted twice using ethyl acetate (EtOAc)
(1:1); 100 mL from each filtrate was mixed with 100 mL
of ethyl acetate and placed on a vortex shaker for 10 min
and settled down for 5 min until the two clear sepa-
rate layers were formed. The organic layer (EtOAc) was
separated from the aqueous layer by the separating fun-
nel. The collected organic phase was evaporated under
reduced pressure at 40-45 ‘C using a rotary evapora-
tor (Heidolph VV2001, Germany); DMSO at 1 mg/mL
of concentration was used to dissolve the fungal crude
extract and then stored at — 20 “C until further experi-
ments (Supaphon et al. 2013).

Antifungal assay

The antifungal activity of crude extract of fungal iso-
lates was investigated on potato dextrose agar (PDA)
against E oxysporum according to Sharaf et al. (2022).
The conidia of E oxysporum were cultivated on the sur-
face of PDA medium and incubated at 25 °C for 10 days.
Then, the culture of E oxysporum was surface flooded
with 10 mL of sterilized water to obtain the suspension of
fungal conidia which adjusted to around 10° conidia/mL
by diluting and counting. Sterile Petri dishes (120 mm)
containing PDA media were inoculated with 100 pL of E
oxysporum conidial suspension. Then agar wells (8 mm)
were cut using sterile cork borer and loaded with 100 puL
of the crude extract of fungal isolates (5 mg/mL) as well
as fluconalzole (25 pg/well) which used as antifungal con-
trol. After incubation of inoculated PDA plates at 25 °C
for 5 days and the resulted inhibition zone diameter
(mm) were measured and represented as mean =+ stand-
ard error values. The experiment was performed in
triplicates.
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Inhibition of conidial germination assay

A suspension of 10 days old E oxysporum conidia was
prepared as previously mentioned in the antifungal
assay. In this assay, the effects of endophytic fungi crude
extracts on E oxysporum conidial germination were
examined at varieing concentrations (2.5, 5 and 7.5 mg/
mL) as performed by Rongai et al. (2012) with some
modifications. Each well of the microtiter plate received
200 pL of a combination containing: 80 pL of conidial
suspension, 100 pL of double strength PDB, and 20 pL
of the tested fungal crude extract. Each treatment was
carried out in three wells, with one plate row containing
an untreated spore suspension in PDB as a negative con-
trol. Conidial germination was determined by mounting
10 pL samples of each treatment on a hemocytometer
slide after 24, 48, and 72 h and counting the number of
germinated and non-germinated spores in five squares at
200 x magnification. The percentage of germination was
determined and averaged for the three wells using the
following equation:

Germinated spores

Spore germination (%) = Total x 100
otal spores

Pot experiment

Four weeks of age tomato seedlings were obtained from
the Agricultural Research Center (ARC), Giza, Egypt.
Uniform seedlings were transplanted into pots (40 cm in
diameter) contain a mixture of sand and clay (1:3 W/W),
total 8 kg, in a plastic greenhouse at experimental plant
garden of Botany and Microbiology Department, Faculty
of Science, Al-Azhar University, Egypt. The pots were
coordinated in a completely randomized design with 8
replicates for each treatment. Pots were arranged as fol-
lows; T1-Healthy control (sowing tomato seedlings in
sterilized soil), T2-Infected control (sowing the tomato
seedlings in sterilized soil inoculated with E oxysporums),
T3-Healthy plants treated with A. flavus, T4-Healthy
plants treated with A. #nidulans, T5-Healthy plants
treated with A. fumigatus, T6-Healthy plants treated with
combination of A. flavus, A. nidulas and A. fumigatus,
T7-Infected plants treated with A. flavus and T8-Infected
plants treated with A. nidulans, T9-Infected plants
treated with A. fumigatus,T10-Infected plants treated
with combination of A. flavus, A. nidulans and A. fumig-
atus. For plant resistance evaluation biochemical signals
from plant samples were analyzed 45 days after sowing,
and the disease was assayed.

Disease symptoms and disease index

The disease symptoms were observed 45 days after sow-
ing and the disease index and plant protection were
assessed using a score consisting of five classes, as
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described in Elbasuney et al. (2022) with minor modifica-
tions; (1) minor yellowing of lower leaves, (2) moderate
yellow plant, (3) wilted plant with browning of vascular
bands, and (4) severely stunted and damaged plants. The
percent disease index (PDI) was determined using a five-
grade scale and the formula: PDI=(1n; +2n,+3n;+4n,
)100/4n,, where n,-n, represents the number of plants in
each class and nt represents the total number of plants
examined. In addition, the following formula was used to
obtain % Protection (P %): P % = (A-B/A) X100, where A
is the PDI in infected control plants and B is the PDI in
infected plants treated with fungal endophytes.

Photosynthetic pigment determination

A former procedure mentioned in the study Cohen-
Bazire et al. (1966) was used to assess the existence of
chlorophyll a (Chl a), chlorophyll b (Chl b) and carot-
enoids in fresh leaves. Throughout this technique, pho-
tosynthetic pigments were extracted from fresh leaves
(0.5 g) using 50 mL of acetone (80%) then the green color
was determined spectrophotometrically at 665, 649, and
470 nm after the extract was filtered.

Determination of the content of osmolytes

The soluble sugar content of the dried shoot was calcu-
lated by the method described by Irigoyen et al. (1992).
The dried shoots (0.5 g) from each treatments were
diluted with 5 mL of 30% trichloroacetic acid (TCA)
and 2.5 mL of 2% phenol and filtered through filter
paper, then 1 mL of the filtrate was treated with 2 mL of
anthrone reagent (2 g anthrone/L of 95% H,SO,). 620 nm
was used to determine the produced blue-green color.

The procedure of El-Tayeb (2005) was used to deter-
mine the soluble protein content of the dry shoot.One
mL of this extract was combined with 5 mL of alkaline
reagent (50 mL of 2% Na,COg prepared in 0.1 N NaOH
and 1 mL of 0.5% CuSO, prepared in 1% potassium
sodium tartrate) and 0.5 mL of Folin’s reagent (diluted by
1:3 v/v). After 30 min, a color change could be seen at a
wavelength of 750 nm.

The proline content was measured in the dry shoot
according to Bates et al. (1973). The dried shoots (0.5 g)
were digested by 10 mL (3%) of sulfosalicylic acid in this
technique. Using a boiling water bath, 2 mL of the filtrate
was mixed with 2 mL of ninhydrin acid and 2 mL of gla-
cial acetic acid for an hour, then the mixture was placed
in an ice bath to stop the reaction. 4 mL of toluene was
added to the mixture, then the absorbance at 520 nm was
determined.

Determination of total phenol contents
The technique of Jagota et al. (1982) was used to esti-
mate the ascorbic acid content of the dry shoot. Total dry
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shoot phenol content was measured using the Dai et al.
(1993) procedure.

Estimation of malondialdehyde and hydrogen peroxide
contents

The content of MDA in fresh leaf was measured accord-
ing to Hu et al. (2004). The H,O, content of fresh leaf was
measured as stated by Mukherjee and Choudhuri (1983).

Assay of antioxidant enzymes activity

POD activity was assayed according to that method
described by Bergmeyer (1974). The activity of PPO was
calculated by the procedure used by Matta and Dimond
(1963). The activities of POD and PPO were assayed in
fresh tomato leaves.

Isozymes electrophoresis

Native polyacrylamide gel electrophoresis (Native-PAGE)
isozyme electrophoresis was performed to identify
isozyme differences between control and treatment. PPO
isozymes in leaves (100 mg fresh weight) samples were
estimated as described by Bradford; Thipyapong, et al.,
(Bradford 1976; Thipyapong et al. 1995). POD in fresh
leaves isozymes were assessed by the procedure defined
by Barcel, et al. (1987).

Statistical analysis

One-way variance analysis (ANOVA) applied to the
resulting data. The least significant difference (LSD
test) using CoStat (CoHort, Monterey, CA, USA) was
used to demonstrate statistically relevant differences
between treatments at p<0.05. Results are shown as
mean £ standard errors (n=3) according to Snedecor
and Cochran (1980).

Results

Antifungal assayof endophytic fungi

Crude extracts of A. flavus MZ045563, A. fumigatus
MZ045562 and A. nidulans MZ045561 were tested for
antifungal activity against F oxysporum. They inhibited
the growth of E oxysporum with inhibition zone diam-
eters of 15.00, 12.33 and 20.83 mm respectively, whereas
fluconazole had no impact (Table 1). Figure 1 illustrates
some significant observations during the antifungal assay,
both A. fumigatus and A. nidulans extracts had another
impact further than the inhibition zones, such as absence
of off white, fairly dense appearance of aerial mycelium
with no production of light purple pigment in the diffu-
sion zone of these extracts.

Overall, the results demonstrated that fungal extracts
of A. flavus, A. fumigatus and A. nidulans displayed
antifungal efficacy by reduction of the germination of
E oxysporum conidia in a concentration-dependent

Page 4 of 14

Table 1 antifungal activity of fungal ethyl acetate extracts
against F. oxysporum

Mean of
inhibition zone
diameter(mm =+ SD)

Treatment

A. flavus crude extract (T-7) 1542.00

A. fumigatus crude extract (T-5) 12.33+0577
A. nidulans crude extract (T-4) 20.834+1.443
Fluconazole 0

manner. When we compared different extract at the same
times, the results were show (Fig. 2) difference between
them but the extracts of A. nidulans (T-4) followed by A.
flavus (T-7) showed a strong effect alternately at 24 and
48 h, while the effect of A. fumigatus (T-5) was always
the lowest at these times, while after 72 h it was mostly
reduced the germination of conidia than A. nidulans
(T-4) followed by A. flavus (T-7). By comparing the con-
centrations of each extract at the same time, we observed
substantial variations, and the concentration of 7.5 mg/
mL exhibited most significant reduction of conidia ger-
mination, for example this concentration reduced the
conidia germination by rate ranging from 94.40 to 100%
after 24 h (Fig. 2).

Disease index

The results presented in the (Table 2) indicated that F
oxysporum highly destructive were the percentage of dis-
ease index (PDI) of infected tomato plants (84.37%). On
the other hand, all tested endophytic isolates showed a
great decrease in the disease symptoms and PDI and thus
give a high percentage of protection (Table 2). Treat-
ment of infected plants with combination of A. flavus,
A. nidulance and A. fumigatus and A. nidulans were the
best treatments which reduced percent disease indexes
in (12.5% and 25%) as well as high protection by (85.18%
and 70.36%) respectively then followed by A. fumigatus,
and A. flavus which recorded PDI (34.37% and 37.50%)
and protection (59.26% and 55.55%) respectively.

Photosynthetic pigments

The contents of chlorophyll a and b were highly sig-
nificantly decreased in infected plants (Fig. 3). However
infected plants treated with endophytic isolates (A. fla-
vus, A. nidulans and A. fumigatus) individual or combi-
nation showed a significant increase when compared with
infected plants. Furthermore, combination of A. flavus,
A. nidulans and A. fumigatus then A. nidulans showed a
significant increase in the contents of Chl a (83.68% and
81.06%) but combination of A. flavus, A. nidulans and A.
fumigatus then A. flavus resulted to a significant increase
in Chl b by (93.67% and 81.10%) respectively. The healthy
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diffusion method. (F =front and R=reverse)

Fig. 1 Antifungal activity of (1): A. flavus, (2): A. fumigatus, (3): A. nidulans crude extracts and (4): fluconazole against £. oxysporum using agar well
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Fig. 2 Inhibition of conidial germination of F. oxysporum with different concentrations of the crude extract of A. flavus (T-7), A. fumigatus (T-5), and

tomato plants treated with with endophytic isolates (A.
flavus, A. nidulans and A. fumigatus) singular or mixture
showed a significant increase in chlorophyll a and b. On
the other hand, in infected plants the content of carot-
enoids decreased by 42.02% when being compared with
healthy plants. Moreover, the obtained results illustrated
that in Fusarium infected plants the content of carot-
enoids was increased in response to the treatment with

endophytic isolates (A. flavus, A. nidulans and A. fumiga-
tus) individual or combination.

Osmolytes

Fusarium infected tomato plants showed decrease in
contents of soluble charbohydrates and soluble proteins
by 53.82% and 46.43% respectively (Fig. 4). On the other
hand, the content of proline and phenols were increased
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Table 2 Effect of fungal ethyl acetate extracts on DI of infected Tomato plants

Treatments Disease symptoms classes DI (disease index) Protection (%)
(%)
0 1 2 3 4

Control infected (T2) 0 0 1 3 4 84.37 0

Infected + A. flavus (T7) 2 2 3 0 1 37.50 55.55

Infected + A. nidulans (T8) 3 3 1 1 0 25.00 70.36

Infected + A. fumigatus (T9) 2 2 3 1 0 3437 59.26
Combination of A. flavus, A. nidulans 5 2 1 0 0 12.50 85.18

and A. fumigatus (T10)

Chlorophyll (a) mg/g F. wt

T1 72 73 T4 75 T6 T7 T8 T9 T10

2.5 ab @

Carotenoid pigment mg/g F. wt

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10

Fig. 3 Effect of £ oxysporum and endophytic isolates (A. flavus, A. nidulans and A. fumigatus) individual or combination on photosynthetic pigments
of tomato plants. Data presented as means £ SD (n = 3). Data followed by different letters (a:f) are significantly different LSD test at P <0.05. FW:
fresh weight. (T1-Healthy control; T2-Infected control; T3-Healthy treated with A. flavus; T4-Healthy treated with A. nidulance; T5-Healthy treated with
A. fumigatus; T6-Healthy treated with combination of A. flavus, A. nidulance and A. fumigatus; T7-Infected treated with A. flavus; T8-Infected treated
with A. nidulance; T9-Infected treated with A. fumigatus and T10-Infected treated with combination of A. flavus, A. nidulance and A. fumigatus

Chlorophyll (b) mg/g F. wt.

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10

significantly by 75.39% and 72.30% as compared to
healthy control plants. Application of endophytic isolates
(A. flavus, A. nidulans and A. fumigatus) enhanced the
contents of soluble charbohydrates, soluble proteins, pro-
lin and phenols in shoots of infected tomato plants com-
pred to infected control. The highest recorded increase in

contents of soluble sugars, soluble proteins, proline and
protein content was noticed in combination of A. flavus,
A. nidulans and A. fumigatus by 92.015%, 77.85%, 26.78%
and 45.90% respectively over Fusarium infected plants.
Application of endophytic isolates A. flavus, A. nidulans
and A. fumigatus individual or combination on healthy
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Total soluble carbohydrates (mg/ g d. wt)

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10

Phenol content mg/g D. wt
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ab ab
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Fig. 4 Effect of £ oxysporum and endophytic isolates on osmolytes (mg/g dry weight) of tomato plants. Data presented as means £ SD (n=3). Data
followed by different letters (a:f) are significantly different LSD test at P <0.05. FW: fresh weight. (T1-Healthy control; T2-Infected control; T3-Healthy
treated with A. flavus; T4-Healthy treated with A. nidulance; T5-Healthy treated with A. fumigatus; Te-Healthy treated with combination of A. flavus,

A. nidulance and A. fumigatus; T7-Infected treated with A. flavus;T8-Infected treated with A. nidulance; T9-Infected treated with A. fumigatus and
T10-Infected treated with combination of A. flavus, A. nidulance and A. fumigatus)

Total soluble protein (mg/ g d. wt)

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10

12 - Free proline content mg/g D. wt

a
1 - ab 2 ab
b bc bc

cd

0.8 -
0.6 4 d
0.4 -
0.2 -

0-
T1 T2 T3 T4 T5 T6 T7 T8 T9 T10

plants elevated the contents of soluble charbohydrates,
soluble proteins, prolin content and phenols respectively
over healthy control plants (Fig. 4). The highest recorded
increase in response to application of tested endophytic
isolates on healthy plants were in the case of Combina-
tion of A. flavus, A. nidulans and A. fumigatus.

Oxidative stress

Fusarium infection caused accumulation the contents
of MDA and H,0, by 48.86% and 95.99% respectively,
comparing to healthy tomato plants (Fig. 5). The con-
tent of MDA was dropped in response to different endo-
phytic isolates treatments by 31.53%, 29.86%, 26.23%,
and 23.25% at combination of A. flavus, A. nidulans and
A. fumigatus, A. flavus, A. nidulance and A. fumiga-
tus respectively. The application of endophytes singular
or mixure decreased the MDA of healthy tomato plant.
While the content of H,O, was decreased by 39.24%,
33.47%, 26.65%, 6.57% at combination of A. flavus, A.
nidulans and A. fumigatus, A. nidulans, A. fumigatus,
and A. flavus, respectively comparing to infected control
(Fig. 5). The application of endophytes odd or mixure
increased the H,O, of healthy tomato plant. The highest

value of H,0, recorded by A. flavus. The activity of POD
and PPO were boosted in Fusarium infected tomato
plants comparing to healthy (Fig. 5). Moreover, applica-
tion of all tested endophytic isolates were increased the
activity of POD and PPO. The highest recorded increase
in POD and PPO activity in response to application of
tested endophytic isolates on infected plants was in the
case of Combination of A. flavus, A. nidulans and A.
fumigatus. On the other hand, application of endophytes
increased the POD and PPO activities of healthy tomato
plants. The most effective treatment was combination of
A. flavus, A. nidulans and A. fumigatus.

Isozymes

Peroxidase (POD) isozymes

Native PAGE in (Fig. 6) and (Table 3) appered five POD
isozymes at Rf (0.378, 0.568, 0.795, 0.849 and 0.908).
Fusarium-infected plants showed greatly overexpressed
POD that showed 5 bands including one faint band, three
moderate bands and one highly dense band. Control
healthy plants expressed the lowest POD expression that
they produced 3 faint bands and tow moderate band. The
highest recorded increase in POD expressed in response
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Fig. 5 Effect of F. oxysporum and endophytic isolates on (MDA) (nmol g~ fresh weight); (H,0,) (mg g~ fresh weight); POD (unit/g) f. wt./h. and
PPO(unit/g) f. wt./ h. of tomato plants. Data presented as means = SD (n=3). Data followed by different letters are significantly different LSD test at
P <0.05. (T1-Healthy control; T2-Infected control; T3-Healthy treated with A. flavus; T4-Healthy treated with A. nidulance; T5-Healthy treated with A.
fumigatus; T6-Healthy treated with combination of A. flavus, A. nidulance and A. fumigatus; T7-Infected treated with A. flavus; T8-Infected treated with
A. nidulance; T9-Infected treated with A. fumigatus and T10-Infected treated with combination of A. flavus, A. nidulance and A. fumigatus)
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Fig. 6 Effect of £ oxysporum and endophytic isolates on peroxidase isozyme of tomato plants. A POD, B Ideogram analysis of POD isozyme
(T1-Healthy control; T2-Infected control; T3-Healthy treated with A. flavus; T4-Healthy treated with A. nidulance; T5-Healthy treated with A. fumigatus;
T6-Healthy treated with combination of A. flavus, A. nidulance and A. fumigatus; T7-Infected treated with A. flavus; T8-Infected treated with A.
nidulance; T9-Infected treated with A. fumigatus and T10-Infected treated with combination of A. flavus, A. nidulance and A. fumigatus)
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Table 3 Isomers of peroxidase enzymes and their retention factor (Rf) in response to F. oxysporum and endophytic isolates on tomato

plants

Peroxidase Relative 1 2 3 4 5 6 7 8 9 10
groups mobility

Px1 0.3 T 1~ s 1t 17 1+ 1t 1t T+ 1t
Px2 045 1++ 1++ ‘|++ -|++ 1++ ‘|++ ‘|++ 1++ 1++ ‘|++
Px3 0.7 1 ++ 1 ++ 1 ++ '|++ 1 ++ 1 ++ 1 ++ 1 ++ 1 ++ 1 ++
Px4 0.8 1++ ‘|++ 1+ 1++ ]++ ‘|++ 1++ 1+ ]+ -|+
Px5 0.85 Tt 1" 1~ 1t T 1+ 1~ 1~ T+ 1"

Where, 1 present band, 0 Absent band, + + High density, + Moderate density and — Low density (T1-Healthy control; T2-Infected control; T3-Healthy treated with

A. flavus; T4-Healthy treated with A. nidulance; T5-Healthy treated with A. fumigatus; T6-Healthy treated with combination of A. flavus, A. nidulance and A. fumigatus;
T7-Infected treated with A. flavus; T8-Infected treated with A. nidulance; T9-Infected treated with A. fumigatus and T10-Infected treated with combination of A. flavus, A.
nidulance and A. fumigatus)

Table 4 Isomers of polyphenoloxidase (PPO) izoenzymes and their Retention factor (Rf) in response to £. oxysporum and endophytic

isolates

Peroxidase Relative 1 2 3 4 5 6 7 8 9 10
groups mobility

PPO1 0.3 1t 1" 1t ihns Tt i 1~ Tt [ 1"
PPo2 045 1++ ‘|++ -|++ -|++ 1++ ‘|++ 1++ 1++ ]++ ‘|++
PPO3 0.7 “+ ]+ ]+ ‘|++ ]++ ]++ ‘|++ “++ ]++ ]++
PPO4 0.8 1+ [ 1t 1t 1+ i i 1~ [ 1t
PPO4 0.85 [ 1~ i ™ - 1~ ™ 1~ T+ i

Where, 1 present band, 0 Absent band, + + High density + Moderate density and — Low density (T1-Healthy control; T2-Infected control; T3-Healthy treated with

A. flavus; T4-Healthy treated with A. nidulance; T5-Healthy treated with A. fumigatus; T6-Healthy treated with combination of A. flavus, A. nidulance and A. fumigatus;
T7-Infected treated with A. flavus; T8-Infected treated with A. nidulance; T9-Infected treated with A. fumigatus and T10-Infected treated with combination of A. flavus, A.
nidulance and A. fumigatus)

6| 7
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B HanCensty
B Vooemtz Cersity
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PPO

Fig. 7 Effect of £ oxysporum and endophytic isolates on PPO isozyme of tomato plants. A PPO, B Ideogram analysis of PPO isozyme (T1-Healthy
control; T2-Infected control; T3-Healthy treated with A. flavus; T4-Healthy treated with A. nidulance; T5-Healthy treated with A. fumigatus; T6-Healthy
treated with combination of A. flavus, A. nidulance and A. fumigatus; T7-Infected treated with A. flavus; T8-Infected treated with A. nidulance;
T9-Infected treated with A. fumigatus and T10-Infected treated with combination of A. flavus, A. nidulance and A. fumigatus)

to application of tested endophytic isolates on infected
plants was in the case of combination of A. flavus, A.
nidulans and A. fumigatus; A. fumigatus; A. flavus and
finally A. nidulans respectively.

Polyphenoloxidase (PPO) isozymes

The polyphenol oxidase isozyme of tomato plant leaves
showed five PPO isozymes at Rf (0.391, 0.528, 0.724,
0.809 and 0.876) (Fig. 7) and (Table 4).Untreated Infected
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plants showed the highly PPO expression that produced
4 bands including three moderate bands and one faint
band when compared with Untreated control healthy
plants that expressed the lowest PPO that produced 3
faint bands. Under Fusarium infection conditions it was
found that the the highest recorded increase in PPO
expressed in response to application of tested endophytic
isolates on infected plants was in the case of combination
of A. flavus, A. nidulance and A. fumigatus then A. flavus,
A. nidulance and finally A. fumigatus respectively.

Discussion

Fusarium wilt disease is considered one of the great-
est serious challenges facing countries, especially Egypt.
Crops are being destroyed all over the world, includ-
ing Egypt by soil-borne diseases such as E oxysporum
that cause great losses in terms of quantity and quality
(Abdelaziz et al. 2021; Attia et al. 2021a, b). Therefore,
the study of environmental influences and pathogenic
factors that are increasing in severity makes it important
to search for safe and easy-to-use alternatives with high
efficiency against plant pathogens (Adnan et al. 2019;
Chen 2020). E oxysporum produces mycelia, conidia, and
chlamydospores that play a role during host infection,
producing damaging vascular wilts, rots and damping-off
diseases (Doohan and Zhou 2017; Srinivas et al. 2019).
However, in this study, endophytic fungal extracts had the
ability to inhibit E oxysporum growth as well as the for-
mation of both aerial hyphae and pigmentation outside of
the inhibitory zones. Furthermore, these extracts greatly
reduced the germination of E oxysporum conidia. The
crude extracts of endophytic fungi under investigation
include antifungal compounds such as 9-Octadecenoic
acid (Z) methyl ester, methyl stearate, 9,17-Octadecadi-
enal (Z) Linoleoyl chloride, and ethyl iso-allocoholate
(Sharaf et al. 2022). Endophytic aspergilli were applied as
smart biological control against Fusarium wilt as well as
induction of healthy tomato plants by enhancement the
systemic resistance of the tomato plant against Fusar-
ium wilt disease. Tomato plants treated with endophytic
aspergilli showed improvement of the morphological,
physiological, molecular traits of infected tomato plants
(Dhouib et al. 2019; Abdel-Motaal et al. 2020; Aldinary
et al. 2021).

Disease severity was the first guide to govern systemic
resistance in treated plants by endophytic fungi. Results
presented in this study reported that E oxysporum shows
a highly destructive effect on tomato plants that caused
typical wilt symptoms with DI 84.37%, which is similar
to earlier studies on the same pathogenic fungus (Sathi-
yabama and Charles 2015; Abdallah et al. 2016; Srinivas
et al. 2019; Abdelaziz et al. 2022¢). Using endophytic
fungi extracts to treat Fusarium wilt-infected tomato
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plants greatly reduced the disease symptoms, which is the
primary criterion for assessing resistance in the tomato
plant. Results showed that treatment of infected plants
with combination of A. flavus, A. nidulans and A. fumig-
atus and A. nidulans were the best treatments which
reduced percent disease indexes by (12.5% and 25%)
and increased protection by (85.18 and 70.36%) respec-
tively then A. fumigatus and A. flavus which recorded
PDI by (34.37% and 37.50%) and protection by (59.26%
and 55.55%) respectively, these results are consistent with
(Alabouvette et al. 2009; Righini and Roberti 2019).

Vegetative growth (shoot length, root length and num-
ber leaves per plant) were significantly decreased due to
E oxysporum. It should be noted that, the destruction of
vegetative growth traits may be related to various factors;
Among them are hormonal disruption, oxidative explo-
sion, pathogen control over cell contents, and conse-
quently high osmotic pressure (Sagi et al. 2004; Bashan
and De-Bashan 2010; Kang et al. 2021). Many studies
have shown that the application of endophytic fungi such
as A. alabamensis, A. tubingensis and A. oryzae improved
tomato morphological traits (Nefzi et al. 2019, Aldinary
et al. 2021) and biostimulate tolerance of seedlings under
biotic stress conditions as well as healthy plants (Khan
et al. 2012; Morsy et al. 2020; Saia et al. 2021; Sonawane
etal. 2022).

The improvement of the photosynthesis pigments is
a strong positive evidence for the occurrence of resist-
ance against the disease as a result of the application of
endophytic fungi extracts and became one of the vis-
ible evidence. In the present study the contents of chlo-
rophyll a and b were highly significantly decreased in
infected tomato plants due to Fusarium infection. The
severe deficiency of chlorophyll pigments may be due
to a decrease in the number of leaves responsible for
light capture and photosynthesis, or it may also be due
to increased activities of chlorophyll-degrading enzymes
(Hortensteiner and Krautler 2011; Rahman 2019). Results
of the current study showed that treatment of infected
tomato plants by endophytic fungi extracts significantly
improved plant resistance by increasing photosynthetic
pigments. This increase might be approved to enhanced
stomatal conductance, transpiration rate and/or cell size
and number (Maghsoudi et al. 2016; Ferus et al. 2019).
Endophytic fungi may confer additional plant defensive
mechanisms as jasmonic acid, or salicylic acid (Own-
ley et al. 2010; Yan et al. 2019; Poveda et al. 2020). Also
it may trigger NADPH oxidase activity, thereby acti-
vating the production of H,O, or by the antioxidant
activity,thus, endophytic fungi could activate ROS scav-
enging systems in plants (Zou et al. 2021). The accu-
mulation of osmolyte plays a vital role in capturing free
radicals, protecting cells from oxidation, and supplying
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plant cells with energy (Szabados and Savouré 2010; Das
and Roychoudhury 2014). Application of endophytic
fungi extracts especially combination of A. flavus, A. nid-
ulans and A. fumigatus enhanced osmolytes in shoots of
tomato plants. These results are in agreement with study
achieved by Aldinary et al. (2021). Endophytic fungi
caused an enhancement in the contents of soluble sug-
ars, soluble protein throughout its role in increasing the
expression of enzymes involved in glycolysis (Ghaffari
et al. 2019; De Rocchis et al. 2022). The accumulation of
proline in the plant prevents the damage of the photosyn-
thesis pigments by capturing the free radicals (Alnusairi
et al. 2021). In this study, Fusarium infection increased
the contents of total phenols in tomato plants. Our
results are in harmony with other researchers (Baaziz
2011; Mikulic-Petkovsek et al. 2013; Abdelaziz et al.
2021). Phenols play an important role in capturing free
radicals which reduces oxidative stress in cells (Murray
et al. 2007). The accumulation of phenolic compounds
serves as an adaptive strategy against plant disease (Daayf
et al. 2012). Our study indicated that treatment with A.
flavus, A. fumigatus and A. nidulans improved contents
of phenolic compounds significantly which directly decay
lipid oxidation during transporting a phenolic hydrogen
atom to a radicle (Kim et al. 2007; Cilerdzi¢ et al. 2014).
Oxidative stress caused by E oxysporum led to seri-
ous disruption of plant cell and increase the contents of
MDA and H,O, in leaves of tomato plants. The content
of MDA and H,0, were dropped in response to different
endophytic isolates treatments.

Moreover, Khan et al. (2012) stated that endophyte
application significantly reduced the contents of MDA in
stressed plants. Abdelaziz et al. (2021) reported that anti-
oxidant enzymes POD and PPO provide a large number
of defensive enzymes associated with Fusarium infec-
tion. These enzymes act as initial steps in increasing plant
resistance to various stresses (Van Loon et al. 1998; Rios-
Gonzalez et al. 2002). The results showed that the activ-
ity of POD and PPO were boosted in Fusarium infected
tomato plants comparing to untreated control plants.
Moreover, application of all tested endophytic isolates
(A. flavus, A. nidulans and A. fumigatus) individual or
combination resulted to increasing the activity of POD
and PPO as compared with control. The plants showed
different mechanisms to adaptive with stress by increase
the activity of certain antioxidant enzymes to keep ROS
at the lower level in the cell. POD plays an important
role in elimination of H,0, excess by bioconversion to
H,O (Rios-Gonzalez et al. 2002). POD and PPO activi-
ties increased in infected plants as well as plants treated
with tested endophytic isolates (A. flavus, A. nidulans
and A. fumigatus) compared to un-treated infected
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plants. Isozymes are one of the key control mechanisms
for cell metabolism in plants, thus changes in isozyme
profiles play an important role in cellular protection
against pathogens (Harb et al. 2010, Shigeoka et al. 2022).
The induction of isozymes play an important role in the
cellular defense against oxidative stress (El-Beltagi et al.
2010). These results reflecting the ameliorative role of
endophytic isolates (A. flavus, A. nidulans and A. fumiga-
tus) in protecting tomato plants against Fusarium wilt in
tomato plant.

Conclusions

Application of ethyl acetate extracts of (A. flavus, A.
nidulans and A. fumigatus) ameliorate the negative
impact of tomato Fusarium wilt through reduced PDI
and enhancement of protection against pathothogen,
improvement photosynthetic pigments, increasing
osmoprotectant compounds and antioxidant system.
So it could be used in agricultural fields especially com-
bination of A. flavus, A. nidulans and A. fumigatus. For
more, Application of A. flavus, A. nidulans and A. fumig-
atus singalular or combination to enhancement healthy
tomato plant growth. Ethyl acetate extracts of A. flavus,
A. nidulance and A. fumigatus can be applied as safe bio-
fungicide as well as biostimulant of growth. Accordingly,
endophytic fungi (A. flavus, A. nidulans and A. fumiga-
tus) are promising isolates for potential applications in
agricultural application and as smart biological control
against F oxysporum which infected tomato plants and
causing wilt disease. In the future, these isolates should
be highlighted and applied as biocides and therapeu-
tic nutrients to reduce the spread of plant diseases and
improve plant immunity).
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