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Endophytic colonization by Beauveria bassiana
and Metarhizium anisopliae induces growth promotion effect and
increases the resistance of cucumber plants against Aphis gossypii
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The entomopathogenic fungi (EPF) are characterized as fungi with various functions and
numerous mechanisms of action. The ability to establish themselves as beneficial endo-
phytes provides a sound ground for their exploitation in crop production and protection.
The purpose of this study was to evaluate the entomopathogenic strains of Beauveria bas-
siana and Mertarhizium anisopliae for their potential to colonize cucumber plants under
natural environmental conditions in non-sterile substrate. Seed submersion in conidial
suspension resulted in systemic colonization of cucumber plants 28 days post-inoculation.
Scanning electron microscope micrographs demonstrated that conidia of both fungal gen-
era have adhered, germinated and directly penetrated seed epidermal cells 24 hr post-sub-
mersion. Treated with EPF cucumber seeds resulted seedlings tissues of which contained
a significantly higher amount of total phenolic compounds and unchanged amounts of
chlorophylls. There was a significant negative effect of endophytic colonization on the Aphis
gossypii population size after 5 days of exposure as well as a positive effect on cucumber
growth and development 7 weeks post-inoculation. We suggest that reduction of A. gossypii
population on mature Cucumis sativus plants is caused via an endophyte-triggered improve-
ment of plant’s physiological parameters such as enhanced plant growth with subsequent
increase in plant resistance through augmented production of phenolic compounds.
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Introduction

Cucumber, Cucumis sativus L. (Cucurbitaceae), is an
important cash crop cultivated around the world, con-
tributing to the total income and living standards of
many societies through increased foreign exchange
(Vandre 2013). The popularity of its fruit rests not only
on its availability but also on its essential nutrients (e.g.,
vitamins and minerals) and other beneficial substances
(e.g., soluble fibers and antioxidants). Increasing de-
mand and sustainable availability of this commodity
depend on its enhanced productivity. Since cucumber

is one of the most important greenhouse crops, its
intensive production is more susceptible to the rapid
spread of problematic pests such as cotton aphid, Aphis
gossypii Glover (Hemiptera: Aphididae). The damages
caused by sucking the sap of its host plants, honeydew
production, and by the transmission of plant viruses
(Blackman and Eastop 2000) are problems that pose
aserious concern about yield and quality of greenhouse
crops (Hermoso de Mendoza et al. 2001). This pest is
mainly controlled by chemical insecticides. However,
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persistent use of these insecticides has resulted in the
development of resistance by the pest (Shi et al. 2012),
in the decrease of its natural enemy populations (God-
frey et al. 2000), in the resurgence of secondary pests,
as well as in posing environmental and economic ha-
zards. These problems have brought about the need to
introduce other sustainable, effective, and safe alterna-
tive control strategies against A. gossypii.

Over the years, various biological control tactics
have been evaluated in many parts of the world for the
management of this pest. The most commonly used ap-
proach is augmentation of the seven-spot beetle, Coc-
cinella septempunctata L. (Coleoptera: Coccinellidae)
in cotton fields (Omkar 2004) and the aphid parasi-
toid, Aphidius colemani Viereck (Hymenoptera: Bra-
conidae) in greenhouses (Gissella e al. 2006). However,
entomopathogenic fungi (EPF), Beauveria bassiana (Bal-
samo) Vuillemin and Metarhizium anisopliae (Metch-
nikov) Sorokin (Ascomycota: Hypocreales) have also
been shown to be promising alternatives. They are cur-
rently being developed, registered, marketed and used
as biopesticides against many insect species (Lacey
2016) including aphids (Ibrahim et al. 2015). These
and many other fungal entomopathogens have been
inundated as foliar and/or soil applications to manage
agricultural insect pests more effectively (Skinner et al.
2014). Their effectiveness, however, is limited by adverse
environmental conditions such as UV, temperatures and
low humidity (Wraight et al. 2007; Vega et al. 2012).
Therefore, this method relies on the direct action of the
released agent rather than on secondary effects on suc-
cessive pest generations (Vincent et al. 2007).

As a result, recent research is aimed at introduc-
ing fungal entomopathogens as endophytes that allow
colonization of internal plant tissues without causing
apparent harm to the host (Wilson 1995). There is
a general opinion that entomopathogenic endophytes,
while internally protected, could cope better with
negative environmental factors (Vega et al. 2009). Al-
though the ecological function of endophytic EPFs re-
mains largely unknown, some studies have implicated
them in plant growth as probiotics (Dora 2013), her-
bivore and plant disease resistance (Vega et al. 2008),
increased stress tolerance of plants to abiotic factors
(Rodriguez et al. 2009) and bioremediation of heavy
metals (Bajan et al. 1998). Some of the fungi have
been reported as naturally occurring endophytes while

others have been introduced into plants using diffe-
rent techniques (Vega et al. 2008; Bamisile et al. 2018).
Among the most studied fungal endophytes are the
grass endophytes in the genus Neotyphodium (Asco-
mycota) which has shown different levels of activity
against grass herbivores including grubs (Saikkonen
et al. 2006). However, recent findings show that EPFs
could be successfully explored as endophytes for the
management of many insect pests (Vidal and Jaber
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2015) including aphids (Castillo-Lopez et al. 2014). The
endophytic colonization of B. bassiana and M. aniso-
pliae in cucumber plants was achieved through artifi-
cial inoculation of seeds (Shaalan and Ibrahim 2019).
B. bassiana has been reported as an endophyte in va-
rious crop plants, but its endophytic activities against
A. gossypii have been studied only on cotton Gossypium
hirsutum L. (Malvales: Malvaceae), pumpkin, Curcu-
bita pepo (Cucurbitaceae) (Gurulingappa et al. 2011;
Castillo-Lopez et al. 2014), and melon, Cucumis melo
(Cucurbitaceae) (Gonzalez-Mas et al. 2019). A signifi-
cant reduction in the reproduction rate of A. gossypii
and populations of bean aphid, Aphis fabae Scopoli
(Hemiptera: Aphididae) and pea aphid, Acyrthosiphon
pisum Harris (Hemiptera: Aphididae) was reported
on B. bassiana colonized cotton plants and fava bean,
Vicia faba L. (Fabales: Fabaceae), respectively (Akello
and Sikora 2012; Castillo-Lopez et al. 2014). However,
M. anisopliae had no effect on bean aphids. On the
other hand, population sizes of soybean aphid, Aphis
glycines Matsumura increased on soybean plants colo-
nized by M. brunneum but did not change in similar
treatments with B. bassiana (Clifton et al. 2018). Such
discrepancy suggests that endophytic EPF colonizing
the plant material may induce or suppress plant sys-
temic resistance to insect attack by altering a plant’s
kairomones (plant signaling molecules) or secondary
plant metabolites (e.g., terpenoids) (Vega 2018). The
abilities of endophytes to prime plant defense mecha-
nisms with chemical or biological inducers against
future insect attack depend on microbial, biochemical
and physiological conditions of plant material (Jaber
and Enkerli 2016), microbial and plant host genotypes,
time of the analysis and their interactions (Panka et al.
2013). To date, there is no information in the literature
on the endophytic effects of M. anisopliae on A. gos-
sypii in cucumber production.

Therefore, the aims of the present study were to:
(1) evaluate the ability of B. bassiana and M. anisopliae
to establish themselves in cucumber plants through
seed inoculation; (2) determine if EPF colonization
modifies the physiological and biochemical status of cu-
cumber plants and (3) investigate the effects of seed in-
oculation on the population of A. gossypii on cucumber.

Materials and Methods

Source of fungal inoculum

Two strains, B. bassiana and M. anisopliae, isolated
from fallow soil (Ibrahim et al. 2011) were used in this
study. Long term storage of the isolates was achieved
by freezing conidia in 35% w/w glycerol at —80°C.
When prepared, frozen conidia were re-hydrated by
suspending in a small volume of sterile 0.03% Tween
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20 solution, placed on potato dextrose agar (PDA) and
incubated at 23 + 2°C in the dark for 14 days (Shaalan
and Ibrahim 2019).

Molecular identification of B. bassiana
and M. anisopliae

Myecelial plugs from 2-day-old single spore cultures
of B. bassiana and M. anisopliae were placed on malt
extract agar (MEA) overlaid with a disc of sterilized
cellophane and incubated at 21 + 1°C in the dark for
2 days. The resultant mycelia were reduced to powder
using iron balls, liquid nitrogen and tissue lyser Qia-
gen (Hilden, Germany) for subsequent DNA extrac-
tion using the CTAB method (Lee et al. 1988; Wu
et al. 2001). DNA from both isolates were purified
with 1% RNAase A (10 mg - ml™), and precipitated
with 5 M ammonium acetate and absolute ethanol.
A NanoDrop spectrophotometer (Shimadzu, Japan)
was used to quantify the amount of purified DNA re-
quired for amplification. The internally transcribed
spacer (ITS) region was amplified using ITS4 (5'-TCC
TCCGCTTATTGATATGC-3") and ITS5 (5'-GGAAG
TAAAAGTCGTAACAAGG-3’) primers (White et al.
1990) using Taq PCR Master Mix (Qiagen, USA). The
specific mixtures of this reaction contained 1 X ready
Master Mix, 3 mM MgCl,, 0.2 uM of each primer, and
25 ng of template DNA in 25 pl. The following PCR
conditions were adopted: initial denaturation step of
5 min at 95°C followed by 25 cycles, each consisting
of a 1 min denaturation step at 95°C, a 1 min anneal-
ing step at 58°C, and a 1 min extension step at 72°C,
and a final extension step at 72°C for 7 min. The poly-
merase chain reaction (PCR) products were purified
using QIAquick PCR amplification kit (Qiagen) and
sequenced using Sanger sequencing at the Medical Ge-
netics Unit of Saint Joseph University of Beirut (US]).
For species identification, sequences were compared
with the available sequences in the NCBI BLAST da-
tabase. The chromatographs were viewed and edited
as needed using Chromas software (https://chromas.
software.informer.com/download/).

Sterilization of cucumber seeds

Variety Beit Alpha hybrid cucumber seeds were used in
this experiment. In order to remove possible epiphytic
microorganisms by denaturing their DNA from the aer-
ial surfaces, the cucumber seeds were surface sterilized
prior to their artificial inoculation. Seeds were soaked in
sterile distilled water (dH,0) for 15 min, and then sur-
face-sterilized by immersion in 3% sodium hypochlorite
for 2 min with subsequent rinsing with sterile dH,0 and
additional immersion in 70% ethanol for 2 min, followed
by 3 rinses with sterile dH,O. The axenically treated seeds
were stored overnight at 5°C for synchronization of seed
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germination and growth. To assess the effectiveness of
the sterilization method, 20 randomly selected seeds
from the seeds used in the screening test were placed
onto PDA, incubated at 25°C in darkness and then ex-
amined after 3, 5 and 10 days. The disinfection was con-
sidered successful when no fungal growth was observed
on the PDA plates (Shaalan and Ibrahim 2019).

Preparation of fungal inoculum and seed
inoculation

Conidia from 14-day-old cultures grown on PDA were
harvested by scraping the agar surface with a sterile
spatula, suspended in 0.03% Tween 20 and shaken at
354 rpm for 30 min. Resultant suspensions were filtered
through sterile cheesecloth under sterile conditions in
order to remove any hyphal fragments. Conidial concen-
trations were determined using a light microscope and
hemocytometer (Fuches-Rosenthal), and later adjusted
to 1 x 10°conidia - mI™ with sterile 0.03% Tween 20 so-
lution. Axenic seeds were immersed in fungal conidial
suspensions of B. bassiana and M. anisopliae for 2 h. Pre-
liminary tests indicated that a conidial concentration of
10°conidia - mI™ and a 2 h immersion time were the op-
timal parameters for the most successful colonization of
cucumber seeds and plantlets tested by B. bassiana and
M. anisopliaeisolates (Shaalanand Ibrahim 2019). Inocu-
lated seeds were then sown on seed trays containing non-
sterile compost supplemented with N 150 mg - 1!, P,O,
185 mg - I, and KO 250 mg - I"' (pH (H,0) 5.2-6.0,
neutral peat, MIKSKAAR) and grown under natural
fluctuating night/day temperatures (23—-29°C) and rela-
tive humidity (RH, 30-80%). For the control group
the seeds were immersed in sterile 0.03% Tween 20
only. Prior to planting, the compost was analyzed for
the presence of soilborne fungal communities using
the soil dilution method (Ratna Kumar et al. 2015;
Umboh et al. 2016) with slight modification. For this
purpose, 10 g of used peat were resuspended in 100 ml
of sterile water. The resultant stock suspension was then
shaken for 1 h at 200 rpm. Tenfold diluted (10™!) sam-
ples were plated on 1/4-strength PDA media containing
20 mg - I'" amoxicilline, 2 ml - I"* Tween 20, and addi-
tional agar of 1.5% (w/v) final concentration. The test
was replicated three times. The plates were incubated for
2 weeks at 25°C, and the fungal colonies which devel-
oped were then isolated further to be observed under
a microscope and identified.

Assessment of fungal colonization

Assessment of inoculated seeds using scanning
electron microscope (SEM)

Inoculated seeds were incubated at room tempera-
ture under sterile conditions for 24 h and then fixed
in glutaraldehyde, dehydrated through an alcohol-
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acetone series, dried in a critical-point drying appara-
tus, mounted on stubs in different positions and coated
with gold in a gold metallization with a Cressington
108 auto sputter coater (Pathan et al. 2010). The speci-
mens were observed and photographed with SEM (Se-
ron AlIS2100, Korea). There were 11 seeds examined
for each treatment and the numbers of attached and
germinated spores, and spores producing an appres-
sorium or penetrating the seed coat were recorded on
a randomly chosen surface area (100 um™) of observa-
tion on each seed.

Assessment of colonization using re-isolation

Five randomly selected 4-week-old seedlings (3-5 true
leaf stage) were harvested from the trays, cleaned and
surface-sterilized. First, the seedlings were immersed
in 0.5% sodium hypochlorite for 2 min, and then in
70% ethanol for 30 s, followed by three rinses in sterile
dH,O. Disinfected seedlings were air-dried in a lami-
nar flow hood for 15 min, the root, stem and leaf parts
were cut using a sterile scalpel. The obtained plant ma-
terials were placed on PDA selective media amended
with antibiotics (20 mg - I"' Amoxicilline), incubated
at 25°C for 4 weeks and inspected regularly to ob-
serve fungal outgrowth. The success of the disinfec-
tion process was assessed by plating 0.5 ml of residual
rinse water on PDA and by making imprints of sur-
face sterilized plant tissue. Fungal outgrowth from the
plated plant samples were identified as B. bassiana or
M. anisopliae based on differential growth on selective
media, colony morphology, and microscopic examina-
tion of conidia (Humber 1997). Percent colonization
of different seedling parts by the respective inoculated
fungus was calculated following the Petrini and Fisher
(1987) formula: % colonization = number of sampled
plant tissue showing fungal outgrowth divided by the
total number of plated plant tissue samples x100. The
test was repeated three times.

The effects of endophytic EPFs
on the population size of Aphis gossypii
on cucumber plants.

Propagation of cucumber plants

Cucumber seedlings at 1-2 true leaf stage were trans-
planted from seed trays into plastic pots (10 cm diam-
eter and 15 cm depth) containing unsterilized compost
and propagated for 5 weeks under the same conditions
as described previously (see 2.4 section). The potted
plants were regularly irrigated. Fifteen plants for each
treatment were used.

Aphis gossypii culture

Prior to laboratory establishment of pure A. gossypii
culture, aphid populations collected from different
plant hosts and locations were identified using

morphological and molecular techniques. Primary
morphological identifications were carried out ac-
cording to Stoetzel et al. (1996) and Blackman (2010).
For molecular identification, a single aphid body
from each sample was used and total DNA was ex-
tracted according to the CTAB method (Gawel and
Jarret 1991). Two sets of species-specific primers for
A. gossypii (KBR(AG)-F-5-TCTTCTCTTAGAATTT
TAATCCGATTA-3 and KBR(AG)-R-5-AAGAAT
AGGGTCTCCCCCACCT-3’ (Rebijith et al. 2012))
and for Myzus persicae (KBR(MP)-F-5-TCATCACT
TAGAATCTTAATTCGTCTT-3* and KBR(MP)-R-
5- TGGTATTATATTTAAGATTGTACAAATA-3’ (Re-
bijith et al. 2012)) were used in PCR reactions with
genomic DNA as the template using the following
conditions: initial denaturation step of 4 min at 94°C,
followed by 35 cycles, each consisting of a 30 s dena-
turation step at 94°C, a 45 s annealing step at 64°C,
and a 40 s extension step at 72°C, with a final extension
step for 20 min at 72°C (Matallanas et al. 2013). PCR
products were run on 1.2% agarose gel, stained with
UView loading dye (Bio-Rad, USA) and visualized un-
der UV lights by the Molecular imager system Gel Doc
1000 (Bio-Rad) using ImageLab software (Bio-Rad).
Colony individuals that were identified as A. gossypii
were used for laboratory rearing and maintained on
healthy cucumber plants grown in pots and in wooden
cages (70 cm x 50 cm x 50 cm) at 21 + 5°C. Adults of
this colony were used in the bioassays.

Effect of endophytic EPFs on Aphis gossypii
population size

Five-week-old plants were placed in individual clear
plastic cages (20 cm dim. x 30 cm high) and 10 A. gos-
sypii adults were introduced to a middle leaf of each
experimental plant. Cages were covered with lids and
sealed with no-see-um mesh to prevent aphids from
escaping. There were 36 caged plants (12 replicate
plants for each treatment) randomly distributed and
maintained under natural conditions (25-30°C and
30-80% RH).

After 5 days of exposure to the aphids, tested
plants were observed and the total number of aphids
(adults + nymphs) on each plant was recorded using
a magnifier. This experiment was repeated twice.

The effects of endophytic EPFs
on physiological and biochemical
parameters of cucumber plants

The 6-week-old cucumber plants were examined, the
number of fully developed leaves and flowers was
measured and counted for each tested plant. One week
later, the number of small cucumber fruits formed, and
the height of each plant were also recorded.



362 Journal of Plant Protection Research 61 (4), 2021
Analysis of total phenolic compounds

Some studies have reported that grass endophytes in-
directly influence the defense reaction of the host plant
(Panka et al. 2013) by involving e.g., synthesis of phe-
nolic compounds. Phenolic compounds are the main
class of secondary metabolites in plants and are divided
into phenolic acids and polyphenols. They perform
a variety of functions, including acting as antioxidants
(Grace and Logan 2000). They may exist in free, soluble
conjugated (acid and alkaline hydrolysable) and insol-
uble-bound forms (Perea-Dominguez et al. 2018). Cu-
cumber plant is rich in polyphenolic compounds such
as p-coumaric, caffeic, and ferulic acids and p-cou-
maric acid methyl ester (Daayf et al. 2000). The Folin-
-Ciocalteu (F-C) assay provides a convenient, rapid and
simple estimation of the content of total phenolics and
other oxidation substrates in plant extracts. This assay
also provides a high-throughput tool for screening the
response of plants to biotic factors and environmental
stress. In this study, to see if fungal endophytes colo-
nizing cucumber seedlings can alter the total content
of phenolic compounds (TPCs), the F-C procedure for
plant material (Ainsworth and Gillespie 2007) with caf-
feic acid (CA) as a standard was applied.

The TPC for each sample was determined using for-
mula: TPC = C x V/M, where: TPC is the total phenolic
content (mg - g') of the extracts as CA equivalents,
C s the concentration of CA established from the cali-
bration curve (mg - ml™), Vis the volume of the extract
solution (ml) and M is the weight of the sample (g).
The assay consisted of one randomly sampled leaf from
4-week-old cucumber plants with three plants for each
treatment. The assay was repeated three times.

Analysis of chlorophyll and carotenoids content

Chlorophylls and carotenoids are abundant pigments
directly influencing cucumber growth through pho-
tosynthetic activities. In cucumber, chlorophylls are
synthesized in green tissues, whereas carotenoids are
synthesized in the leaves, flowers and fruits. In the
cucumber leaf tissues carotenoids (mainly a-carotene
and P-carotene) act as photoprotectors. The presence
of the B-carotene and xanthophylls confer the char-
acteristic yellow coloration to the flowers and to the
fruits meso- and endocarps (Hui Song et al. 2010).
To determine the effects of fungal colonization on the
accumulation of total chlorophyll (chlorophyll a and
b) and carotenoids content in 7-week-old cucumber
seedlings, leaves (0.5 g) were randomly sampled from
three replicate plants of each treatment, chopped and
immediately homogenized in 90% ethanol using mor-
tar and pestle with gradual addition of 17.5 ml of etha-
nol. The homogenate was centrifuged at 1,500 rpm for
15 min. The absorbance of chlorophyll and carotenoid
extracts was read after 90% aqueous ethanol was used
as the blank, to zero the instrument initially and after
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every wavelength resetting. Chlorophyll content was
determined according to the method described by
Barnes et al. (1992). Chlorophyll a and b absorbencies
were measured at 664 and 649 nm, respectively, with
a spectrophotometer (Thermospectronic) and calcu-
lated for chlorophyll concentration in fresh weight
for three replicates. Formulas for chlorophyll content
were as follows: Ca =13.36 x A665 — 5.19 x A649 and
Cb=27.43 x A649 - 8.12 x A665, where: A665 = absor-
bance at a wavelength of 665 nm; A649 = absorbance
at a wavelength of 649 nm. Carotenoids (mixture of
a-carotenes and {3-carotenes) absorbance was measu-
red at 470 nm and carotenoid concentration was deter-
mined using the following formula: C = (1,000A,, -
—-2.13Ca-97.63 Cb) / 209, where A470 = absorbance
at a wavelength of 470 nm (Branisa et al. 2014). The
test was repeated three times.

Statistical analysis

All experiments were arranged in a complete random-
ized design. All data sets were analyzed with the statis-
tical program IBM SPSS Statistics for Windows, Ver-
sion 23.0 (2015) using one-way ANOVA after checking
the assumptions for normality and the homogeneity
of variance (Levene’s test). Data sets from repeated
tests for percentage values of fungal colonization with
M. anisopliae and B. bassiana of different cucum-
ber plant parts in addition to the aphid population
size, TPCs, and chlorophyll contents were pooled
together prior to one-way ANOVA analysis with the
fungal strain as a main factor. A plants physiological
parameters were subjected to one-way ANOVA with
the fungal strain as a main factor. When a significant
F test was obtained at p = 0.05, separation of treatment
means was performed using Duncan test.

Results

Molecular identification of microorganisms
and aphids

Total DNA extracted from both fungal strains was
PCR amplified by ITS4 and ITS5 primers. The ampli-
fication of the ITS region resulted in a single product
(~ 600 bp) for both isolates. The ITS sequences of both
isolates (BbL1, MaL1) were deposited in GenBank with
the accession numbers. MT533246 and MT533250, re-
spectively. The BLAST analysis of the ITS sequences of
BbL1, MaLl revealed 100% similarity with B. bassiana
(accession No. KC753391) and 99.46% similarity with
M. anisopliae (accession No. MG786739) in the NCBI
database, respectively. This molecular identification
confirmed the phenotypic identification of the fungal
isolates used in this study.
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Primer sets KBR (AG)-F and KBR (AG)-R success-
fully identified A. gossypii sp. by amplifying the expect-
ed fragment size of 600 bp in two samples only. None
of the tested aphids was identified as Myzus persicae.

Assessment of colonization of Beauveria
bassiana and Metarhizium anisopliae
in cucumber plants

The efficiency of artificial inoculation of cucumber seeds
was observed under scanning electron micrographs
(SEM). Scanning electron micrographs revealed that

363

seeds of Beit Alpha hybrid were emarginate and ellipti-
cal with pointed ends. The seed sculpture of the studied
taxa (C. sativus) showed that surfaces were smooth and
covered with pits (hollows). The outer epidermal cells
were of regular rectangular shapes separated with cell
boundaries. Moreover, these micrographs showed that
inoculated seed surfaces were covered with germinat-
ed and non-geminated conidia. All germinated spores
were observed at different stages of development while
their germ tubes spread over the seed’s surfaces at dif-
ferent distances. Direct hyphal penetration through
the epidermal cell wall was also observed (Fig. 1D

8

v

AIS2100C SElI WD =04 200kV X 30K 10um

Leb Univ - EDST Fanar

Fig. 1. Scanning electron micrographs (SEM) of Tween (control), M. anisopliae and B. bassiana treated seeds 24 h post-inoculation.
Micrograph A shows no fungal growth on control seed surface, whereas B shows M. anisopliae spores and hyphae adhered to the
micropylar area showing ruptured covering layers (black arrows) and emergence of the radicle. Micrographs C and D of M. anisopliae
treated seeds show attached conidia and conidial hyphae penetrating across cell boundary (black arrow), respectively. Micrographs E
and F of B. bassiana treated seeds show hyphae growing on seed surface and directly penetrating the epidermal cell wall (black arrow),

respectively
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and F (black arrows) demonstrating the evidence of
applied EPF becoming endophytic. The results of the
number of attached conidia, germinated conidia, ap-
pressorium producing conidia and hyphae penetrating
the seed cuticle are presented in Figure 2. No conidia
were found on the surfaces of non-treated control seeds
(Fig. 1A). The number of spores attached to the surface
of M. anisopliae treated seeds was significantly higher
(13.2 conidia 100 um™ p < 0.0001) than that on B. bas-
siana (2.5 conidia 100 um™) treated seeds (Fig. 1Cand E).
Moreover, a greater number of M. anisopliae spores
adhered to the micropylar area of the examined seeds
showing ruptured covering layers and emergence of
radicles (Fig. 1B) than to the other parts of the same seed.
In contrast, a more uniformed distribution of spores on
cucumber seed surfaces was recorded on B. bassiana
inoculated (Fig. 1E). However, not all attached spores
germinated after 24 h and there was no difference in the
number of germinated spores (p = 0.014), either pene-
trating (p = 0.342) or appressorium producing spores
(p =0.38) on the surfaces of treated seeds (Fig. 2). More-
over, approximately 11% and 13% of hyphae developed
by B. bassiana and M. anisopliae, respectively, entered
the seed through direct penetration. Appressoria were
produced by 6.6% of the Metarhizium spores. There was
no appressorium formation observed for B. bassiana.
All the fungal populations found in the peat com-
post were dominated by Ascomycetes, particularly

20
o b
}é — 15
£
2310
c8
£=s 2 b
a a a a a a a a
0 [T =
Attached  Germinated Appressorium Hyphae
penetrating
the cuticle
B Control DO M. anisopliae BB, bassiana

Fig. 2. Mean number (100 um) + SE of attached, germinat-
ed spores, appressorium and hyphae penetrating the seed
epidermal cells of the treated seeds. Bars with different let-
ters are significantly different at p = 0.05 (Duncan test, after
one-way ANOVA)

by Aspergillus, Penicillium, and Sclerotium spp. The
second most abundant group was the Mesomycetozoa
(Protists), Basidiomycetes, and by a few unidentified
yeasts. There were no Metarhizium or Beauveria spp.
detected in the compost used for planting. Artificial
inoculation of cucumber seeds carried out by their
direct submersion in conidial suspensions provided
successful colonization of plant parts with tested
B. bassiana and M. anisopliae isolates. The presence
of fungi in the internal tissues was confirmed by
their recovery from roots, stems and leaf pieces on
PDA selective medium. Results in Table 1 show that
both, B. bassiana and M. anisopliae, isolates colo-
nized cucumber seedlings. The most successful en-
dophyte re-isolation frequency was observed from
root tissues for both isolates (100%) (p < 0.0001).
In addition, slightly higher percentage recoveries
(50%, p = 0.1 and 25%, p = 0.405) were observed
in stem and leaf tissues, respectively, colonized by
M. anisopliae. However, no fungal recovery was
achieved from stem and leaf tissues of B. bassiana
inoculated plants. None of the leaf discs obtained
from control plants showed signs of M. anisopliae or
B. bassiana outgrowth, however, the control plants
were observed to be colonized by naturally occurring
endophytes such as Penicillium, Aspergillus as well as
by other unidentified fungi.

The effects of endophytic EPFs
on the population size of Aphis gossypii
on cucumber plants

In general, there was a significant negative effect of cu-
cumber plant colonization with both fungal entomo-
pathogens on the population size of A. gossypii 5 days
after exposure. The data (Fig. 3) show that the number
of aphids in both treatments was significantly lower
than that in the control plants (p < 0.05).

The aphid population size on Metarhizium colo-
nized plants was reduced by almost 80 aphids per plant
(35%) and on Beauveria colonized plants by 72 aphids
(32%) (Fig. 3) resulting in healthier/fitter cucumber
plants.

Table 1. Effects of conidial seed treatments on percentage recovery of B. bassiana and M. anisopliae from different parts of cucumber

plants cultured outdoors in non-sterilized peat moss

Treatment Leaves (% =+ SE) Stem (% = SE) Roots (% = SE)
Control 0.00 + 0.00 a* 0.00+0.00 a 0.00 +£0.00 a
B. bassiana 0.00 +0.00 a 0.00+0.00 a 100+ 0.00 b
M. anisopliae 25+0.25a 50+0.28a 100+ 0.00 b

Medium 4 weeks post-inoculation

*means (% SE) within a column followed by the same letter are not significantly different at p = 0.05 (Duncan test, after one-way ANOVA)
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Fig. 3. Mean (+ SE) number of aphids per cucumber plant
inoculated with B. bassiana, M. anisopliae and Tween (control).
Bars with different letters are significantly different at p = 0.05
(Duncan test, after one-way ANOVA)

The effects of endophytic EPFs
on physiological and biochemical
parameters of cucumber plants

Physiological parameters

The number of fully developed leaves and flowers was
counted for each replicate and treatment 6 weeks post-
-inoculation. The number of small cucumber fruits and
the plant’s height were recorded for each potted plant
7 weeks post inoculation. The results show that there
was a significant difference in the number of flowers
(p = 0.05), leaves (p < 0.005) and the height of the
plants (p < 0.01) colonized with tested fungal en-
dophytes compared to uncolonized control plants
(Fig. 4). On one hand, plants colonized with Beauveria
isolate produced twice as many flowers and two times
more leaves than control plants (Fig. 3). On the oth-
er hand, Metarhizium colonized plants where almost
12 c¢m taller and had two more developed cucumber
fruits than control plants (Fig. 4).

Biochemical parameters

To see if the suggestion of Panka et al. (2013) that en-
dophytes could indirectly influence the defense reac-
tion in the host plant by synthesizing more phenolic
compounds than plants without endophytes, the total
phenolic content was determined for 2-week-old seed-
lings. The results presented in Table 2 show that cu-
cumber plants reacted to endophytic colonization by
increased induction of soluble phenols. Thus, plants
grown from treated seeds with B. bassiana accumulat-
ed a significantly (p < 0.0001) higher amount of TPC
(182 mg - g'') than those plants treated with M. ani-
sopliae (101 mg - g™') or Tween (95 mg - g™*).

However, analyses of Ca, Cb and carotenoid con-
tent in the leaf blades of 7-week-old cucumber plants
showed no effect of endophytic EPFs on measured
parameters (Fig. 5). The leaf extracts from colonized
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Table 2. Effects of endophytic entomophatogenic fungi (EPFs)
on total phenolic compounds in 4-week-old plants grown from
seeds treated with B. bassiana, M. anisopliae and Tween (control)

Total phenol content

Treatment g -g']
Control 94.5 +0.003 a*
M. anisopliae 101.3+0.003 a
B. bassiana 181.8+0.001 b

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

40
35 _T_
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% 25| a
320
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® 15 ab
5 10
a b b a
0 S
Height Flowers Leaves Cucumber
fruits
@ Control @ M. anisopliae @ B. bassiana

Fig. 4. Mean height (cm + SE) and the mean (= SE) number (N)
of flowers, leaves and fruits of cucumber plants inoculated with
B. bassiana, M. anisopliae and Tween (control). Bars with different
letters are significantly different at p = 0.05 (Duncan test, after
one-way ANOVA)
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Fig. 5. Effect of fungal inoculation on chlorophylls Ca and Cb
and carotenoids content (mean concentration, pg - ml £ SE) in
7-week-old cucumber plants. Bars with similar letters do not
differ significantly at p = 0.05 (Duncan test, after one-way ANOVA)

and uncolonized cucumber tissues contained similar
amounts of both chlorophylls (p = 0.785 and p = 0.325,
respectively) and carotenoids (p = 0.593).
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Discussion

The main aims of this study were to determine if
M. anisopliae and B. bassiana can establish an en-
dophytic relationship with cucumber plants under
naturally fluctuating conditions in non-sterile peat
compost, and if these fungi can act as plant growth
promoters, or if inoculation of seeds with EPF affects
the aphid, A. gossypii. Seed inoculation was shown to
be very successful for EPF colonizing many plant tis-
sues (Kabaluk and Ericsson 2007; Ownley et al. 2008;
Powell et al. 2009; Akello and Sikora 2012; Akutse et al.
2013; Lopez et al. 2014; Russo et al. 2015) includ-
ing cucumber seedlings (Shaalan and Ibrahim 2019;
Rajab et al. 2020). The success of internal coloniza-
tion is usually determined by re-isolation of tested
fungi using the culture dependent method (CDM)
(McKinnon et al. 2017). However, some other tech-
niques such as molecular identification and visualiza-
tion of endophytes within plant tissues using dyes, his-
tological techniques, immunofluorescence, light and
electron microscopy have also been shown to be reli-
able for endophyte detection (McKinnon et al. 2017;
Ullrich et al. 2017; Vega 2018).

Seed submersion used in the current study resulted
in the attachment of conidia to seed surfaces, their
germination, hyphal growth across seed surfaces and
direct penetration through epidermal cell walls 24 h
post inoculation. Similarly, germinated conidia of
B. bassiana produced hyphae that penetrated the leaf
cuticle directly or grew through stomates into the corn
leaf (Wagner and Lewis 2000). When a spore lands on
the plant surface, it perceives the immediate environ-
ment, the topography of the host cuticle and nutrient
availability, which are the essential factors that trigger
spore attachment and stimulate germination (Tucker
and Talbot 2001). Indeed, submerging cucumber seeds
in spore suspension prompted an imbibition of water,
which, in turn, caused a rupture of seed covering lay-
ers exposing micropylar endosperms and emerging
radicles. Therefore, a germinating cucumber seed was
likely to provide a perfect humid environment and ac-
cessible nutrients for conidia to adhere to and germi-
nate. It is interesting that while M. anisopliae conidia
in this study preferred to aggregate and attach near
the micropylar area of radicle emergence, conidia of
B. bassiana spread homogeneously across the entire
seed surface. A previous study indicated that in the en-
vironment Metarhizium spp. appear to be restricted to
the rhizosphere (Behie et al. 2015). Also, initial stages
of plant-Metarhizium interaction through seed treat-
ment would involve extensive rhizoplane colonization
followed by endophytic growth (Barelli et al. 2018).
The results of SEM observations also revealed that
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around 13% of germinated spores of both spp. pen-
etrated seeds through epidermal cells directly without
using epidermal pits. This rate of initial seed coloniza-
tion, perhaps, was enough to set off a mechanism for
systemic colonization of the whole plant (Wagner and
Lewis 2000).

Indeed, the fungal recovery from 4-week-old cu-
cumber seedlings grown on non-sterile compost was
achieved for both entomopathogens. Beauveria bassia-
na was isolated only from roots whereas M. anisopliae
was isolated from roots, stems and leaves. In the pre-
vious study, however, the same fungal isolates were
detected in all plant parts obtained from 10-day-old
cucumber seedlings cultivated on sterile substrate
(Shaalan and Ibrahim 2019). Likewise, in the study of
Tefera and Vidal (2009), colonization was not recorded
in stems and leaves of Beauveria seed-treated seedlings
grown on non-sterile soil but occurred in vermiculite
and sterile soil. The fungistatic effects of soil (Lingg
and Donaldson 1981), biotic antagonism (Pereira et al.
1993) or microbial competition in the compost may
have prevented or delayed B. bassiana from reach-
ing the stem and leaves. On the other hand, the ini-
tial low number of attached spores (Fig. 2) as well as
the transient nature of B. bassiana (Russo et al. 2015)
could explain negative endophytism with cucumber
stems and leaves. The application rate of conidia is also
known to influence the rate of endophytic colonization
(Ownley et al. 2008).

In addition, this study not only reports the devel-
opment of entomopathogenic fungi introduced en-
dophytically but also shows that endophytic presence
in cucumber plant tissues can increase the resistance
against melon aphids, A. gossypii. The results of the
present work support previous studies where B. bassi-
ana endophyte also negatively affected cotton aphid
reproduction (Castillo-Lopez et al. 2014; Gonzélez-
-Mas et al. 2019), but are in opposition to endophytic
B. bassiana effects on other aphid species (Clifton et al.
2018; Jensen et al. 2019). The mechanisms by which
herbivores can be negatively affected by clavicipita-
ceous obligate endophytes have been studied in a few
different grass species and can vary from antixenosis
and/or antibiosis mediated by constitutive production
and or induction of secondary compounds produced
by the plant (Clay et al. 1993; Clay 1996; Carriere et al.
1998) or secondary metabolites produced by the en-
dophytes themselves (Jaber and Vidal 2010; Gurunlin-
gappa et al. 2010; Saari et al. 2010; Vega 2018). Another
hypothesis for the mechanism by which endophytes
can negatively affect herbivores is based on the idea
that endophytes can alter the phytosterol profiles of
plants and compete with insects for these compounds
which are essential for their development (Dugassa-
Gobena et al. 1996; Raps and Vidal 1998). It was also
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suggested that plant responses to endophyte invasion
may involve e.g., synthesis of phenolic compounds
(Panika et al. 2013). The presence of Neotyphodium
lolii endophyte increased significantly the produc-
tion of total phenolics in all ryegrass genotypes. In
general, phenolic compounds and some reactive oxy-
gen species are synthesized in plants partly as a re-
sponse to ecological and physiological pressures
(Ibrahim et al. 2001; Chung et al. 2003; Schulz and
Boyle 2005; Diaz et al. 2010) and possess anti-herbi-
vore properties (Firstenberg-Hégg et al. 2013; Vega
2018). Total phenolic content analysis showed that
B. bassiana and M. anisopliae endophytes colonizing
4-week-old cucumber seedlings influenced the defense
reaction in the cucumber plant by synthesizing more
phenolic compounds than seedlings without an en-
dophyte. Such a response could have rendered plants
more capable of self-defense against initial attack by
A. gossypii. The mechanisms of plant defense respons-
es to fungal colonization could be species-dependent,
meaning that the same plants could react differently
to different fungal endophytes. When the roots-inocu-
lated tomato plants with B. bassiana and Trichoderma
koningiopsis were analyzed by GC-MS and compared
to non-inoculated plants, it was found that all success-
fully colonized roots, stems and leaf tissues contained
modified tomato volatile organic compounds (VOCs)
with significant differences between isolates (Pineda
et al. 2010). However, the profiles of cucumber VOCs
were not determined in colonized or non-colonized
tissues for this study, and the hypothesis of modifica-
tions to the chemical signals produced by the plant
(Vega 2018; Gange et al. 2019) remains to be tested as
an explanation of the data in the current study.

Recent reviews by McKinnon et al. (2017), Jaber
and Enkerli (2017) and Vega (2018) presented exam-
ples of many studies reporting the effects of endophy-
tism on plant growth and development. It was evident
that some plants were unresponsive (neutral) to en-
dophytic colonization. Some responded with a posi-
tive outcome (e.g., improved growth (Vega et al. 2009;
Liao et al. 2014; Jaber and Enkerli 2016) and increased
yields (Maniania et al. 2003; Kabaluk and Ericsson
2007)), while a very few exhibited a negative response
(e.g., alleviated iron chlorosis symptoms (Sanchez-
Rodriguez et al. 2015)). Colonization of cucumber
plants by B. bassiana and M. anisopliae in our study
resulted in improved plant growth, greater numbers of
leaves and flowers without significant effects on chlo-
rophyll synthesis. It is possible that since seed treat-
ment with these two isolates can significantly improve
seed germination rates and strengthen root systems of
resultant seedlings (Shaalan and Ibrahim 2019), this
may explain the subsequent improved plant growth. In
addition, the ability of entomopathogenic endophytes
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to produce plant growth regulators (e.g., indole-3acetic
acid (IAA)) (Liao et al. 2017) as well as to improve nu-
trient absorption (Sasan and Bidochka 2012) may in-
dicate a high potential of the isolates used in this study
to promote plant growth (Vega et al. 2009).

Conclusions

Colonization of cucumber plant tissues by entomo-
pathogenic endophytes, B. bassiana and M. anisopliae,
began with direct hyphal penetration of the seed sur-
face. Conidia of M. anisopliae preferred the micropy-
lar area of cucumber seeds for their initial attachment
and penetration, while conidia of B. bassiana spread
continually across the entire seed surface. Coloniza-
tion of cucumber plants occurred under natural envi-
ronmental conditions and on a non-sterile substrate,
greatly promoting plant growth and development.
Here, we showed that cucumber plant colonization by
fungal entomopathogens s generally negative to aphids,
A. gossypii, reducing their overall population size. Ac-
tivation of multiple mechanisms related to plant-medi-
ated systemic resistance could supress the invasion of
piercing-sucking insects and, thus, improve quality and
quantity of agricultural crops. Since cucumber grow-
ers regularly purchase plantlets from plant nurseries,
it would be viable to commercialize the production of
B. bassiana and M. anisopliae pre-colonized plants.

Acknowledgements

The authors wish to thank the National Council for
Scientific Research (CNRS) and the Lebanese Univer-
sity for funding this study. We also appreciate the as-
sistance of the plant protection team at the Lebanese
Agricultural Institute (LARI), including Eng. C. Saab
and Z. Moussa. We also wish to thank Dr. R. Habchi
(Research Platform for Nanoscience and Nanotech-
nology, Fanar Campus 90656, Lebanese University) for
helping with SEM work.

References

Ainsworth E.A., Gillespie K.M. 2007. Estimation of total phe-
nolic content and other oxidation substrates in plant tis-
sues using Folin-Ciocalteu reagent. Nature Protocols 2:
875-877. DOI: 10.1038/nprot.2007.102

Akello J., Sikora R. 2012. Systemic acropedal influence of en-
dophyte seed treatment on Acyrthosiphon pisum and
Aphis fabae offspring development and reproductive fit-
ness. Biological Control 61: 215-221. DOI: 10.1016/].
BIOCONTROL.2012.02.007

Akutse K., Maniania N., Fiaboe K., Van Den Berg J., Ekesi S.
2013. Endophytic colonization of Vicia faba and Phaseolus
vulgaris (Fabaceae) by fungal pathogens and their effects
on the life-history parameters of Liriomyza huidobrensis



www.czasopisma.pan.pl P N www.journals.pan.pl
=

POLSKA AKADEMIA NAUK

368 Journal of Plant Protection Research 61 (4), 2021

(Diptera: Agromyzidae). Fungal Ecology 6: 293-301. DOI:
https://doi.org/10.1016/j.funeco.2013.01.003

Bajan C., Tyrawska D., Popowska-Nowak E., Bienkowski P.
1998. Biological response of Beauveria bassiana strains to
heavy metal pollution and their accumulative ability. Eco-
logical Chemistry and Engineering 5 (8-9): 676-685.

Bamisile B.S., Dash C.K., Akutse K.S., Keppanan R., Afola-
bi O.G., Hussain M., Qasim M., Wang L. 2018. Prospects
of endophytic fungal entomopathogens as biocontrol and
plant growth promoting agents: An insight on how artificial
inoculation methods affect endophytic colonization of host
plants. Microbiological Research 217: 34-50. DOL https://
doi.org/10.1016/j.micres.2018.08.016

Barelli L., Moreira C.C., Bidochka M.J. 2018. Initial stages of en-
dophytic colonization by Metarhizium involves rhizoplane
colonization. Microbiology 164: 1531-1540. DOI: 10.1099/
mic.0.000729.

Barnes J.D., Balaguer L., Manrique E., Elvira S., Davison A.W.
1992. A reappraisal of the use of DMSO for the extraction
and determination of chlorophylls a and b in lichens and
higher plants. Environment 32: 83-100. DOI: http://dx.doi.
0rg/10.1016/0098-8472(92)90034-Y

Behie S.W,, Jones S.J., Bidochka M.J. 2015. Plant tissue localiza-
tion of the endophytic insect pathogenic fungi Metarhizium
and Beauveria. Fungal Ecology 13: 112-119. DOI: 10.1016/].
FUNECO.2014.08.001

Blackman R.L. 2010. Aphids — Aphidinae (Macrosiphini). Hand-
book for the Identification of British Insects 2 (7): 1-413.

Blackman R.L., Eastop V.E. 2000. Aphids on the world’s crops:
An identification and information guide. John Wiley and
Sons, Chichester, UK. XF2006251066.

Branisa J., Jenisovd Z., Porubska M., Jomova K., Valko M. 2014.
Spectrophotometric determination of chlorophylls and
carotenoids. An effect of sonication and sample processing.
Journal of Microbiology, Biotechnology and Food Sciences
3(2): 61-64.

Carriere Y., Bouchard A., Bourassa S., Brodeur J. 1998. Effect
of endophyte incidence in perennial ryegrass on distribu-
tion, host choice, and performance of the hairy chinch
bug (Hemiptera: Lygaeidae). Economic Entomology 91:
324-328. DOL: https://doi.org/10.1093/jee/91.1.324

Castillo-Lopez D., Zhu-Salzman K., Ek-Ramos M.]J., Sword G.A.
2014.The entomopathogenic fungal endophytes Purpureocil-
lium lilacinum (formerly Paecilomyces lilacinus) and Beauve-
ria bassiana negatively affect cotton aphid reproduction un-
der both greenhouse and field conditions. PLoS ONE 9 (8):
€103891. DOI: 10.1371/journal.pone.0103891

Chung I.M., Park Chun J.C., Yun S.J. 2003. Resveratrol accumu-
lation and resveratrol synthase gene expression in response
to abiotic stresses and hormones in peanut plants. Plant Sci-
ence 164: 103-109. DOI: 10.1016/S0168-9452(02)00341-2

Clay K. 1996. Interactions among fungal endophytes, grasses
and herbivores. Researches on Population Ecology 38 (2):
191-201. DOL: https://doi.org/10.1007/BF02515727

Clay K., Marks S., Cheplick G.P. 1993. Effects of insect herbivory
and fungal endophyte infection on competitive interactions
among grasses. Ecology 74 (6): 1767-1777. DOI: https://
doi.org/10.2307/1939935

Clifton E.H., Jaronski S.T., Coates B.S., Hodgson E.W., Gas-
smann A.J. 2018. Effects of endophytic entomopathogenic
fungi on soybean aphid and identification of Metarhizium
isolates from agricultural fields. PLoS ONE 13 (3): e0194815.
DOTI: https://doi.org/10.1371/journal. pone. 0194815

Daayf E, Ongena M., Boulanger R., El Hadrami I., Bélanger R.R.
2000. Induction of phenolic compounds in two cultivars of
cucumber by treatment of healthy and powdery mildew in-
fected plants with extracts of Reynoutria sachalinensis. Jour-
nal of Chemical Ecology 26 (7): 1579-1593. DOI: https://
doi.org/10.1023/A:1005578510954

Diaz Napal G.N., Defago M., Valladares G., Palacios S. 2010.
Response of Epilachna paenulata to two flavonoids, pinoc-
embrin and quercetin, in a comparative study. Journal of

Chemical Ecology 36 (8): 898-904. DOI: 10.1007/s10886-
010-9823-1

Dugassa-Gobena D., Raps A., Vidal S. 1996. Einuu von Acremo-
nium strictum auf den Sterolhaushalt von Panzen: ein moE
‘glicher Faktor zum veraE' nderten Verhalten von Herbiv-
oren. Mitteilungen aus der Biologischen Bundesanstalt fiir
Land- und Forstwirtschaft 321: 299.

Firstenberg-Higg J., Zagrobelny M., Bak S. 2013. Plant de-
fense against insect herbivores. International Journal of
Molecular Sciences 14 (5): 10242-10297. DOI: 10.3390/
ijms140510242

Gange A.C., Koricheva J., Currie A.F, Jaber L.R., Vidal S. 2019.
Meta-analysis of the role of entomopathogenic and unspe-
cialized fungal endophytes as plant bodyguards. New Pa-
thologist 223 (4): 2002-2010. DOT: https://doi.org/10.1111/
nph.15859

Gawel N.J., Jarret R.L. 1991. A modified CTAB DNA extraction
procedure for musa and ipomoea. Plant Molecular Biology
Reporter 9 (3): 262-266. DOI: 10.1007/BF02672076

Gissella M.V,, David B.O., James R.B. 2006. Efficacy assess-
ment of Aphidius colemani (Hymenoptera: Braconidae) for
suppression of Aphis gossypii (Homoptera: Aphididae) in
greenhouse-grown chrysanthemum. Economic Entomol-
ogy 99 (4): 1104-1111. DOI: 10.1603/0022-0493-99.4.1104

Godfrey L.D., Rosenheim J.A., Goodell P.B. 2000. Cotton aphid
emerges as major pest in SVJ cotton. California Agriculture
54 (6): 32-34. DOI: 10.3733/ca.v054n06p26

Gonzalez-Mas N., Sanchez-Ortiz A., Valverde-Garcia P., Que-
sada-Moraga E. 2019. Effects of endophytic entomopatho-
genic ascomycetes on the life-history traits of Aphis gossypii
Glover and its interactions with melon plants. Insects 10 (6):
165. DOI: 10.3390/insects10060165

Grace S.C., Logan B.A. 2000. Energy dissipation and radical
scavenging by the plant phenylpropanoid pathway. Philo-
sophical Transactions: Biological Sciences 355 (1402):
1499-1510. DOI: 10.1098/rstb.2000.0710

Gurulingappa P, McGee PA., Sword G. 2011. Endophytic Le-
canicillium lecnii and Beauveria bassiana reduce the sur-
vival and fecundity of Aphis gossypii following contact with
conidia and secondary metabolites. Crop Protection 30 (3):
349-353. DOI: 10.1016/].CROPR0O.2010.11.017

Gurulingappa P.,, Sword G.A., Murdoch G., McGee P.A. 2010.
Colonization of crop plants by fungal entomopathogens
and their effects on two insect pests when in planta. Bio-
Control 55 (1): 34-41. DOI: https://doi.org/10.1016/].
biocontrol.2010.06.011

Hermoso de Mendoza A., Belliure B., Carbonell E.A., Real V.
2001. Economic thresholds for Aphis gossypii (Hemiptera:
Aphididae) on Citrus clementina. Journal of Economic Ento-
mology 94 (2): 439-444. DOI: https://doi.org/10.1603/0022-
0493-94.2.439

Humber R.A. 1997. Fungi: identification. p. 153-185. In: “Ma-
nual of Techniques in Insect Pathology” (L.A. Lacey, ed.).
Academic Press, London. DOIL: https://doi.org/10.1016/
B978-012432555-5/50011-7

Ibrahim L., Hamieh A., Ghanem H., Ibrahim S. 2011. Patho-
genicity of entomopathogenic fungi from Lebanese soils
against aphids, whitefly and non-target beneficial insects.
International Journal of Agriculture Sciences 3 (3): 156—164.
DOI: 10.9735/0975-3710.3.3.156-164

Ibrahim L., Laham L., Tomma A., Ibrahim S. 2015. Mass pro-
duction, yield, quality, formulation and efficacy of ento-
mopathogenic Metarhizium anisopliae conidia. British
Journal of Applied Sciences and Technology 9 (5): 427-440.
DOI: 10.9734/bjast/2015/17882

Ibrahim L., Spackman V.M.T., Cobb A.H. 2001. An investiga-
tion of wound healing in sugar beet roots using light and
fluorescence microscopy. Annals of Botany 88 (2): 313—320.
DOIL: https://doi.org/10.1006/anbo.2001.1461

Jaber L.R., Enkerli J. 2016. Effect of seed treatment duration
on growth and colonization of Vicia faba by endophytic
Beauveria bassiana and Metarhizium brunneum. Biologi-



KADEMIA N

Roshan S. Shaalan et al.: Endophﬁié colonization by Beauveria bassiana and Metarhizium anisopliae ...

cal Control 103: 187-195. DOI: https://doi.org/10.1016/j.
biocontrol.2016.09.008

Jaber L.R., Enkerli J. 2017. Fungal entomopathogens as endo-
phytes: can they promote plant growth? Biocontrol Science
and Technology 27 (1): 28-41. DOL: https://doi.org/10.1080
/09583157.2016.1243227

Jaber L.R,, Vidal S. 2010. Fungal endophyte negative effects on
herbivory are enhanced on intact plants and maintained in
a subsequent generation. Ecological Entomology 35 (1):
25-36. DOI https://doi.org/10.1111/j.1365-2311.2009.01152.x

Jensen R.E., Enkegaard A., Steenberg T. 2019. Increased fecun-
dity of Aphis fabae on Vicia faba plants following seed or
leaf inoculation with the entomopathogenic fungus Beau-
veria bassiana. PLoS ONE 14 (10): 1-13, €0223616. DOI:
https://doi.org/10.1371/journal.pone.0223616

Kabaluk J.T., Ericsson ].D. 2007. Metarhizium anisopliae seed
treatment increases yield of field corn when applied for
wireworm control. Agronomy Journal 99 (5): 1377-1381.
DOI: 10.2134/agronj2007.0017N

Kumar PK.R., Hemanth G., Niharika P.S., Kolli S.K. 2015. Isola-
tion and identification of soil mycoflora in agricultural fields
at Tekkali Mandal in Srikakulam District. International
Journal of Advances in Pharmacy, Biology and Chemistry
4 (2): 484-490.

Lacey L.A. 2016. Entomopathogens used as microbial control
agents. p. 3—12. In: “Microbial Control of Insect and Mite
Pests” (L.A. Lacey, ed.). Amsterdam: Elsevier/Academic
Press. DOI: https://doi.org/10.1016/B978-0-12-803527-
6.00001-9

Lee S.B., Milgroom M.G., Taylor J.W. 1988. A rapid, high yield
mini-prep method for isolation of total genomic DNA from
fungi. Fungal Genetics Newsletter 35: 23-24. DOL https://
doi.org/10.4148/ 1941-4765.1531

Liao J., Li X., Wong T.Y., Wang J].J., Khor C.C,, Tai ES., Aung
T., Teo Y.Y., Cheng C.Y. 2014. Impact of measurement error
on testing genetic association with quantitative traits. PloS
ONE 9 (1): e87044. DOI: https://doi.org/10.1371/journal.
pone.0087044

Liao X., Lovett B., Fang W,, St. Leger R.J. 2017. Metarhizium
robertsii produces indole-3-acetic acid, which promotes
root growth in Arabidopsis and enhances virulence to
insects. Microbiology 163 (7): 980-991. DOI: 10.1099/
mic.0.000494

Lingg A.J., Donaldson M.D. 1981. Biotic and abiotic factors af-
fecting stability of Beauveria bassiana conidia in soil. Jour-
nal of Invertebrate Pathology 38 (2): 191-200. DOI: https://
doi.org/10.1016/0022-2011(81)90122-1

Lopez D.C., Zhu-Salzman K., Ek-Ramos M.J., Sword G.A. 2014.
The entomopathogenic fungal endophytes Purpureocillium
lilacinum (formerly Paecilomyces lilacinus) and Beauveria
bassiana negatively affect cotton aphid reproduction under
both greenhouse and field conditions. PLoS One 9: e103891.
DOI: 10.1371/journal.pone.0104342

Maniania N.K,, Sithanantham S., Ekesi S., Ampong-Nyarko K.,
Baumgirtner J., Lohr B., Matoka C.M. 2003. A field tri-
al of the entomogenous fungus Metarhizium anisopliae
for control of onion thrips, Thrips tabaci. Crop Protec-
tion 22 (3): 553-559. DOI: https://doi.org/10.1016/50261-
2194(02)00221-1

Matallanas B., Lantero E., M’Saad M., Callejas C., Ochan-
do M.D. 2013. Genetic polymorphism at the cytochrome
oxidase I gene in mediterranean populations of Batrocera
oleae (Diptera: Tephritidae). Applied Entomology 137 (8):
624-630. DOL: https://doi.org/10.1111/jen.12037

McKinnon A.C., Saari S., Moran-Diez M.E., Meyling N.V,,
Raad M., Glare T.R. 2017. Beauveria bassiana as an endo-
phyte: a critical review on associated methodology and
biocontrol potential. BioControl 62: 1-17. DOI: 10.1007/
§10526-016-9769-5.

Ombkar PA. 2004. Predaceous coccinellids in India: predator-
prey catalogue. Oriental Insects 38 (1): 27-61. DOI: 10.108
0/00305316.2004.10417373

www.czasopisma.pan.pl P N www.journals.pan.pl
=

369

Ownley B.H., Dee M.M., Gwinn K. 2008. Effect of conidial
seed treatment rate of entomopathogenic Beauveria bassi-
ana 11-98 on endophytic colonization of tomato seedlings
and control of Rhizoctonia disease. Phytopathology 98 (6):
S118-S118.

Panka D., Piesik D., Jeske M., Musiat N., Koczwara K. 2013.
Production of phenolic compounds by perennial ryegrass
(Lolium perenne L.)/Neotyphodium Iolii association as
a defense reaction towards infection by Fusarium poae and
Rhizoctonia solani. p. 124-125. In: “Endophytes for Plant
Protection: the State of the Art” (C. Schneider, C. Leifert,
E Feldmann, eds.). Deutsche Phytomedizinische Gesell-
schaft, Braunschweig.

Pathan A.K., Bond J., Gaskin R.E. 2010. Sample preparation
for SEM of plant surfaces. Materials Today 12 (1): 32—43.
DOI: 10.1016/S1369-7021(10)70143-7

Perea-Dominguez X.P,, Hernandez-Gastelum L.Z., Olivas-
-Olguin H.R., Espinosa-Alonso L.G., Valdez-Morale M.,
Medina-Godoy S. 2018. Phenolic composition of tomato
varieties and an industrial tomato by-product: free, conju-
gated and bound phenolics and antioxidant activity. Journal
of Food Science and Technology 55 (9): 3453-3461. DOL:
https://doi.org/10.1007/s13197-018-3269-9

Pereira R.M., Stimac J.L., Alves S.B. 1993. Soil antagonism af-
fecting the dose — response of workers of the red imported
fire ant, Solenopsis invicta, to Beauveria bassiana conidia.
Journal of Invertebrate Pathology 61 (2): 156-161. DOL:
https://doi.org/10.1006/jipa.1993.1028

Petrini O., Fisher PJ. 1987. Fungal endophytes in Salicornia
perennis. Transactions of the British Mycological Society
87 (4): 647-651. DOL: https://doi.org/10.1016/S0007-1536-
(86)80109-7

Pineda A., Zheng S.-J., van Loon J.J.A., Pieterse C.M.]J., Dicke M.
2010. Helping plants to deal with insects: the role of ben-
eficial soil-borne microbes. Trends in Plant Science 15 (9):
507-514. DOL: https://doi.org/10.1016/j.tplants.2010.05.007

Powell W.A., Klingeman W.E., Ownley B.H., Gwinn K.D. 2009.
Evidence of endophytic Beauveria bassiana in seed-treated
tomato plants acting as a systemic entomopathogen to lar-
val Helicoverpa zea (Lepidoptera: Noctuidae). Journal of
Entomological Science 44 (4): 391-396. DOI: https://doi.
org/10.18474/0749-8004-44.4.391

Rajab L., Ahmad M., Gazal 1. 2020. Endophytic establishment
of the fungal entomopathogen, Beauveria bassiana (Bals.)
Vuil,, in cucumber plants. Egyptian Journal of Biological
Pest Control 30: 143. DOI: https://doi.org/10.1186/s41938-
020-00344-8

Raps A., Vidal S. 1998. Indirect effects of an unspecialized en-
dophytic fungus on specialized plant-herbivorous insect
interactions. Oecologia 114 (4): 541-547. DOIL: 10.1007/
5004420050478

Rebijjith K.B., Asoka R., Krishna V., Krishna Kumar N.K.,
Ramamurth V.V. 2012. Development of species-specific
markers and molecular differences in mitochondrial and
nuclear DNA sequences of Aphis gossypii and Myzus per-
sicae (Hemiptera: Aphididae). Florida Entomologist 95 (3):
674-682. DOI: 10.1653/024.095.0318

Rodriguez R.J., White Jr. J.E, Arnold A.E., Redman R.S.
2009. Fungal endophytes: Diversity and functional roles.
New Phytologist 182 (2): 314-330. DOI: http://dx.doi.
org/10.1111/j.1469-8137.2009.02773.x

Russo ML.L., Pelizza S.A., Cabello M.N., Stenglein S.A., Scorsetti
A.C. 2015. Endophytic colonisation of tobacco, corn, wheat
and soybeans by the fungal entomopathogen Beauveria bassi-
ana (Ascomycota, Hypocreales). Biocontrol Science and Tech-
nology 25 (4): 475—480. DOTI: 10.1080/09583157.2014.982511

Saari S., Helander M., Faeth S.H. 2010. The effects of endo-
phytes on seed production and seed predation of tall fescue
and meadow fescue. Microbial Ecology 60: 928-934. DOL:
https://doi.org/10.1007/s00248-010-9749-8

Saikkonen K., Lehtonen P., Helander M., Koricgeva J., Faeth S.H.
2006. Model systems in ecology: dissecting the endophyte-



www.czasopisma.pan.pl P N www.journals.pan.pl
=

POLSKA AKADEMIA NAUK

370 Journal of Plant Protection Research 61 (4), 2021

grass literature. Trends in Plant Science 11 (9): 428—433.
DOI: 10.1016/j.tplants.2006.07.001

Sanchez-Rodriguez A.R., Del Campillo M.C., Quesada-Mo-
raga E. 2015. Beauveria bassiana: An entomopathogenic
fungus alleviates Fe chlorosis symptoms in plants grown on
calcareous substrates. Scientia Horticulturae 197: 193-202.
DOT: https://doi.org/10.1016/j.scienta.2015.09.029

Sasan R.K., Bidochka M.J. 2012. The insect-pathogenic fungus
Metarhezium robertsii (Clavicipitaceae) is also an endophyte
that stimulates plant root development. American Journal
of Botany 99 (1): 101-107. DOI: 10.3732/ajb.1100136

Schulz B., Boyle C. 2005. Fungal endophyte continuum. My-
cological Research 109 (6): 661-686. DOI: https://doi.
0rg/10.1017/5095375620500273X

Shaalan R., Ibrahim L. 2019. Entomopathogenic fungal endo-
phytes: can they colonize cucumber plants? p. 853-860.
In: “Book of Proceedings of the IX International Scientific
Agriculture Symposium AGROSYM 2018”. 04—-07 October
2018, Bosnia and Herzegovina.

Shi X.G., Zhu YK, Xia X.M., Qiao K., Wang HY., Wang KY.
2012. The mutation in nicotinic acetylcholine receptor 1
subunit may confer resistance to imidacloprid in Aphis gos-
sypii (Glover). Journal of Food, Agriculture and Environ-
ment 10 (2): 1227-1230.

Skinner M., Parker B.L., Kim J.S. 2014. Role of entomopatho-
genic fungi in integrated pest management. p. 169-191. In:
“Integrated Pest Management: Current Concepts and Eco-
logical Perspectives” (D.P. Abrol, ed.). Academic Press, San
Diego. DOI: https://doi.org/10.1016/B978-0-12-398529-
3.00011-7

Song H., Chen J., Staub J., Simon P. 2010. QTL analyses of or-
ange color and carotenoid content and mapping of caro-
tenoid biosynthesis genes in cucumber (Cucumis sativus
L.). Acta Horticulturae 871: 607-614. DOI: 10.17660/
ACTAHORTIC.2010.871.83

Stoetzel M.B., Miller G.L., O’'Brien PJ., Graves J.B. 1996.
Aphids (Homoptera: Aphididae) colonizing cotton in
the United States. Florida Entomologist 79 (2): 193-205.
DOI: 10.2307/3495817

Tefera T., Vidal S. 2009. Effect of inoculation method and plant
growth medium on endophytic colonization of sorghum by
the entomopathogenic fungus Beauveria bassiana. BioCon-
trol 54: 663-669. DOI: 10.1007/510526-009-9216-y

Tucker S.L., Talbot N.J. 2001. Surface attachment and pre-
-penetration stage development by plant pathogenic
fungi. Annual Review of Phytopathology 39: 385-417.
DOI: 10.1146/annurev.phyto.39.1.385

Ullrich C.I., Koch E., Matecki C., Schifer J., Burkl T., Raben-
stein E, Kleespies R.G. 2017. Detection and growth of en-
dophytic entomopathogenic fungi in dicot crop plants.
Journal fiir Kulturpflanzen 69 (9): 291-302. DOI: 10.1399/
JfK.2017.09.02

Umboh S.D., Salaki C.L., Tulung M., Mandey L.C., Mara-
mis R.T.D. 2016. The isolation and identification of fungi

from the soil in gardens of cabbage were contaminated
with pesticide residues in subdistrict Modoinding. Interna-
tional Journal of Research in Engineering and Science 4 (7):
25-32.

Vandre W. 2013. Cucumber production in greenhouses. Uni-
versity of Alaska Fairbanks Cooperative Extension Service.
Available on: www.uaf.edu/ces

Vega EE. 2018. The use of fungal entomopathogens as endo-
phytes in biological control: a review. Mycologia 110 (1):
4-30. DOT: https://doi.org/10.1080/00275514.2017.1418578

Vega EE., Goettel M.S., Blackwell M., Chandler D., Jackson M.A.,
Keller S., Koike M., Maniania N.K., Monzén A., Own-
ley B.H. et al. 2009. Fungal entomopathogens: New insights
on their ecology. Fungal Ecology 2 (4): 149-159. DOL
https://doi.org/10.1016/j.funeco.2009.05.001

Vega EE., Meyling N.V., Luangsa-Ard J.J., Blackwell M. 2012.
Fungal entomopathogens. p. 171-220. In: “Insect Pathology”
2nd ed. (EE. Vega, H.K. Kaya, eds.). Academic Press, San
Diego. DOI: 10.1016/B978-0-12-384984-7.00006-3

Vega EE,, Posada E, Aime M.C., Pava-Ripolli M., Infante E,
Rehner S.A. 2008. Entomopathogenic fungal endophytes.
Biological Control 46 (1): 72-82. DOI: https://doi.org/
10.1016/j.biocontrol.2008.01.008

Vidal S., Jaber L. 2015. Entomopathogenic fungi as endophytes:
plant-endophyte-herbivore interactions and prospects for
use in biological control. Current Science 109 (1): 46—-54.

Vincent C., Goettel M.S., Lazarovits G. (eds.) 2007. Biologi-
cal Control: A Global Perspective. CAB International/
AAFC, Wallingford, United Kingdom. DOI: 10.1079/
9781845932657.0000

Wagner B.L., Lewis L.C. 2000. Colonization of corn, Zea mays,
by the entomopathogenic fungus Beauveria bassiana. Ap-
plied and Environmental Microbiology 66 (8): 3468—3473.
DOI: 10.1128/aem.66.8.3468-3473.2000

White T.J., Bruns T.D., Lee S.B., Taylor J.W. 1990. Amplifica-
tion and direct sequencing of fungal ribosomal RNA genes
for phylogenetics. p. 315-322. In: “PCR Protocols: A Guide
to Methods and Applications” (M.A. Innis, D.H. Gelfand,
J.J. Sninsky, T.J. White, eds.). Academic Press, San Diego.
DOI: http://dx.doi.org/10.1016/B978-0-12-372180-8.50042- 1

Wilson D. 1995. Endophyte - the evolution of a term, and clari-
fication of its use and definition. Oikos 73: 274-276. DOI:
https://doi.org/10.2307/3545919

Wraight S.P, Inglis G.D., Goettel M.S. 2007. Fungi. p. 223—-248.
In: “Field Manual of Techniques in Invertebrate Pathol-
ogy: Application and Evaluation of Pathogens for Control
of Insects and other Invertebrate Pest” 2nd ed. (L.A. Lacey,
H.K. Kaya, eds.). Springer, Dordrecht, the Netherlands.

Wu Z.H., Wang T.H., Huang W., Qu Y.B. 2001. A simplified
method for chromosome DNA preparation from filamen-
tous fungi. Mycosystema 20 (4): 575-577.



