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Abstract: Characterizing the association of endophytic insect pathogenic fungi (EIPF) with plants
is an important step in order to understand their ecology before using them in biological control
programs. Since several methods are available, it is challenging to identify the most appropriate
for such investigations. Here, we used two strains of Metarhizium robertsii: EF3.5(2) native to the
French vineyard environment and ARSEF-2575-GFP a laboratory strain expressing a green fluorescent
protein, to compare their potential of association with non-grafted grapevine Vitis vinifera. Three
methods were used to evaluate the kinetics of rhizosphere and grapevine endospheric colonization:
(i) Droplet Digital (ddPCR), a sensitive molecular method of M. robertsii DNA quantification in
different plant parts, (ii) culture-based method to detect the live fungal propagules from plant tissues
that grew on the medium, (iii) confocal imaging to observe roots segments. Both strains showed
evidence of establishment in the rhizosphere of grapevines according to the culture-based and
ddPCR methods, with a significantly higher establishment of strain EF3.5(2) (40% positive plants and
quantified median of exp(4.61) c/µL) compared to strain ARSEF-2575-GFP (13% positive plants and
quantified median of exp(2.25) c/µL) at 96–98 days post-inoculation. A low incidence of association
of both strains in the grapevine root endosphere was found with no significant differences between
strains and evaluation methods (15% positive plants inoculated with strain EF3.5(2) and 5% with
strain ARSEF-2575-GFP according to culture-based method). ddPCR should be used more extensively
to investigate the association between plants and EIPF but always accompanied with at least one
method such as culture-based method or confocal microscopy.

Keywords: endophytes; rhizosphere; ddPCR; fungal entomopathogens

1. Introduction

Endophytic insect pathogenic fungi (EIPF) support plant health in multiple ways and
are known as plant biological control agents against pests [1], plant growth stimulators [2]
and plant vaccines [3]. Besides their pathogenic nature, most of these attributes stem
from their rhizosphere competence and endophytic potential with diverse plant species
even if the underlying mechanisms are not well elucidated [4]. Indeed, EIPF are able to
establish inside root tissues without causing significant symptoms of infection in plants [5,6]
while simultaneously surrounding the root surface [7]. Metarhizium robertsii (Metchnikoff)
Sorokin (1883) is an important species used as a commercial microbial biological control
agent because of its direct parasitism toward insect pests [8], its potential to colonize the
plant rhizosphere [9,10] as well as its ability to establish as an endophyte [11–13]. Its root
colonization potential is an important feature in order to optimize its capacity as a biological
control agent and as a stimulator of plant health.
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Efficient and practicable modes of inoculation are a prerequisite to successfully use
EIPF as endophytes in crop plants. Previous studies have evaluated and compared tech-
niques for EIPF endophytic inoculation in various plants, such as stem injection [14], leaf
spraying [15], root drenching [16], root dipping [17,18] and seed dressing [19,20]. These
techniques allowed the characterization of EIPF inoculation success, the respective plant
organs colonized, and the extent of colonization [2,6]. However, the dynamics of EIPF
establishment inside inoculated plants needs further investigation as very little is known
about fungal behavior inside the respective plant and its propensity to colonize within
the plant. Moreover, important research gaps still exist regarding the process of endo-
phytic colonization by EIPF, including insights in the endophytic path of entry into the
plant tissue, the precise cartography of colonized areas of plants organs as well as distinct
tissue colonization.

A panel of methods is available to evaluate endophytic colonization of EIPF. The most
common is the culture-based method, which consists of plating excised plant pieces or a
homogenate of surface-sterilized plant tissues from inoculated plants on a growing medium
containing antibiotics and to morphologically characterize the microorganism growing
on the plate after incubation [21]. This method has the advantage of being affordable,
easy to handle, and rapid if the fungus grows relatively quickly on respective plates [22].
However, quantification of fungal propagules via culture-based method has a high degree
of imprecision [23]. Moreover, the magnitude of endophytic colonization of plants can be
overestimated by the culture-based method. Indeed, it allows quantification of the rate of
colonization of the sampled plant area, and, by sampling several plant areas, to characterize
the total percentage of colonized plant surfaces [16]. However, these measurements are only
partially reliable as the mean percentage of plant area colonization can be overestimated by
a single plant or a single organ being totally colonized.

Microscopic techniques, including confocal imaging, are highly appropriate for such
studies as they constitute an empirical method available to characterize the endophytic
colonization of the plant and the rhizosphere [24]. They provide visual proof of colonization
with the advantage of giving clear information of the proportion of samples and tissues
being colonized by respective fungal structures [6]. However, microscopic methods are
labor intensive and require exhaustive screening of respective plant organs and tissues [7].
As the extent of endophytic colonization also depends on the respective fungal strain, the
host plant [12] and the environment from which the strain was sampled [25], applying a
more reliable method for calculating the percentage of EIPF colonization of plants would
improve identification of suitable EIPF strains.

Droplet digital PCR (ddPCRTM) is a molecular PCR-based method allowing absolute
quantification of targeted DNA even in very minimal amounts with better resolution than
quantitative PCR (qPCR) [26]. Its specificity and sensitivity are key features of this method,
which in turn is important for targeting endophytes as they are present in small quantities in
plant organs and other microbial taxa could, as well, be amplified in standard qPCR in case
of poor sensitivity [21,24,27]. As an example, ddPCR was proven efficient and more precise
than qPCR to quantify inoculum of Ilyonectira liriodentri in samples of soil, rhizosphere
and grapevine rhizoendosphere [28]. However, ddPCR quantifies DNA from viable and
non-viable cells and thus cannot assess the viability of the quantified inoculum. As a
consequence, this method should be used together with a method that allows an estimation
of the viability of the fungal propagules quantified such as the culture-based method.

Proof of endophytic colonization of M. robertsii was found in diverse plants from
various botanical families such as tomato Solanum lycopersicum L., soy Glycine max L., wheat
Triticum aestivum L., the broad bean Vicia faba L., cabbage Brassica oleracea L., and the French
bean Phaseolus vulgaris L. [24,29–33]. However, it was never investigated in domesticated
grapevine Vitis vinifera, which is a perennial dicot plant grown grafted in most commercial
vineyards worldwide [34]. Grafting stands as the most efficient biological control solution
against one of the main soil-borne pests, the grapevine phylloxera (Daktulosphaira vitifoliae).
However, some global regions still grow grapevines non-grafted, such as Argentina and
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Australia [35,36] necessitating costly quarantine measures to protect the plants. For this
reason, protecting own-rooted grapevine through endophytic association with M. robertsii
would represent a major advantage for sustainable crop protection.

Grapevine above-ground endophytic fungal communities are of critical importance,
especially because of their putative role in preventing fungal diseases, however their di-
versity and distribution are poorly investigated [37,38]. A close relative of M. robertsii, M.
pinghaense was once assessed as a natural grapevine endophyte of V. vinifera cv. Cabarnate
Gernischet from a pooled homogenate of all above-ground tissue samples, with speculation
that this species could be native to the soil and had colonized grapevine tissues as an
endophyte through time [38]. Thus, M. robertsii could have an endophytic potential of
establishment within grapevine as this species was also found native to vineyard soil all
around the world [39–45]. Some studies investigated the potential of artificially inocu-
lated endophytes in grapevine. The EIPF Beauveria bassiana has been shown to colonize
grapevine as an endophyte [46], with antagonistic activity against downy mildew Plas-
mopara viticola [47,48], grapevine mealybugs Planococcus ficus and leafhopper Empoasca
vitis [48,49].

The aim of this study was to demonstrate the rhizospheric and endophytic potential
of M. robertsii with non-grafted grapevine V. vinifera after artificial inoculation. Accordingly,
we screened the presence of endophytic M. robertsii in different parts of the grapevine
(root, stem and leaf pieces) using in vitro plants. For this purpose, we used three meth-
ods: (i) ddPCR for absolute quantification of minimal amounts of M. robertsii DNA inside
grapevine tissues, (ii) culture-based method to detect live propagules of M. robertsii ex-
tracted from plant tissues, (iii) confocal imaging to visually track endophytic M. robertsii
inside the colonized plant. In this study ddPCR was used for the first time to character-
ize the association between EIPF and plant. Another aim of this study was to compare
the kinetics of grapevine colonization by a M. robertsii strain native to a French vineyard
environment (EF3.5(2)) and a M. robertsii transformant strain (ARSEF-2575-GFP) express-
ing green fluorescence protein (GFP), which is a laboratory strain originally non-native
to the vineyard environment [50]. Accordingly, the goal was to assess whether a strain
collected in the same environment as grapevine that we wish to protect, has a better and
more durable colonization potential. We hypothesized that (i) M. robertsii colonization of
grapevine is limited to the roots and occurs more extensively in the rhizosphere compared
to the root endosphere, (ii) the strain EF3.5(2) native to the vineyard has higher potential to
persistently associate with grapevine rhizosphere and root endosphere compared to the
ARSEF-2575-GFP strain.

2. Materials and Methods
2.1. Fungal Cultures

Two M. robertsii strains were used in this study. M. robertsii strain EF3.5(2) was col-
lected in the INRAE experimental vineyard soil in spring 2015 (Villenave d’Ornon, South
West of France, 44◦47′30.4′′ N 0◦34′36.9′′ W) via insect bait technique [51], and was kept as
a laboratory culture since then. A previous study has shown its potential as a biocontrol
agent against the Asian hornet Vespa velutina [39]. The fungal identification was con-
firmed by morphological analysis and by genetic sequencing of the translation elongation
factor 1-a [52]. A transformant of M. robertsii (ARSEF-2575-GFP) expressing green fluores-
cence protein (GFP), originally collected from a coleopteran host insect (Curculio caryae
[Coleoptera: Curculionidae]) in the United States [53] and maintained after transformation
in the ARS Collection of Entomopathogenic Fungal Cultures (ARSEF) (US Plant, Soil and
Nutrition Laboratory, Ithaca, NY, USA) [54] was also used for the experiment (courtesy of
Prof. Dr. Michael Bidochka and Dr. Shasha Hu). Stock cultures were grown on oat agar
chloramphenicol media (40 g organic oat flour, (Moulin Des Moines, Krautwiller, France)),
20 g agar (SIGMA Aldrich, St. Louis, MO, USA), 50 mg chloramphenicol (SIGMA Aldrich),
and 1 L of water. Conidia were dislodged from the surface into a sterile suspension solution
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(1/8 Ringer + 0.02% Tween 80® (SIGMA Aldrich). The conidial suspension was adjusted to
1 × 107 conidia·mL−1 using a hemocytometer.

2.2. Plant Material

Grapevines Vitis vinifera cultivar Cabernet Sauvignon were micro propagated in vitro
and acclimated in humid plastic containers for 44 days, as described in [55]. Grapevines
harboring an average of 8 newly formed leaves were planted in pots (volume 0.3 L) filled
with vineyard soil taken from the same vineyard where M. robertsii strain EF3.5(2) was
originally isolated, however in a different vineyard plot. The soil was previously sterilized
by autoclaving twice. Plants were grown and watered every third day and maintained for
60 days in a growth chamber with a 16:8 photoperiod, 23 ◦C and 60% relative humidity in
the facilities of the INRAE UMR 1065—SAVE.

2.3. Fungal Inoculation of Grapevines

Forty-four potted grapevine plants were inoculated with either M. robertsii strain
ARSEF-2575-GFP or EF3.5(2) by watering the roots with 50 mL of a 1 × 107 conidia·mL−1

suspension split into two doses of 20 mL on the first day and 30 mL on the 6th day. The
concentration was judged optimal to successfully establish several strains of EIPF including
Metarhizium spp. as endophyte with root drenching treatment according to [56]. Twenty-
eight control plants were treated with the same volume of a sterile suspension solution.

2.4. Rhizospheric Detection and Endophytic Association Assessments of Roots, Leaves and Stems
Using Culture-Based Method

After 14-, 35-, 63-, 96–98- days post-inoculation (dpi), grapevines were uprooted
for analysis. For rhizosphere association assessment, grapevines were gently removed
from their pots and roots were shaken with forceps to remove adhering soil particles.
Roots were not disinfected and soil particles were adherent to these roots, hence we
considered these root samples representative of the grapevine rhizosphere. From each
plant, an average of 1 g of randomly picked root pieces was cut and placed in a tube
(height × width: 60 mm × 27 mm and 20 mL volume, ZINSSER POLYVIALS®) with 4 mL
of sterile distilled water and 0.02% Tween 80® and mixed with 2 inox balls of 8 mm
diameter using the disrupter TissueLyser II (Qiagen, Hilden, Germany). A 100 µL of root
homogenate as well as a 10-fold diluted homogenate was spread in duplicates onto a
chloramphenicol, thiabendazole, cycloheximide (CTC) medium according to a modified
recipe from [57] (39 g·L−1 potato dextrose agar, 0.1 g·L−1 chloramphenicol diluted in 96%
ethanol, 0.002 g·L−1 thiabendazole and 0.15 g·L−1 cycloheximide each diluted in sterile
water (SIGMA Aldrich) and filled up to 1 L with sterile water). The plates were incubated at
25 ◦C for 14 days. M. robertsii colonies were visually identified according to morphological
features according to criteria described by [54]. The remaining root homogenate was
immediately lyophilized for extraction of DNA.

For endophytic analysis, 1 g of root pieces was sampled in the same way as described
above, as well as the third and the terminal leaf and a 3 cm part of the upper stem from
each grapevine plant. All root samples were surface-disinfected by dipping them twice
in two different solutions of 0.5% NaOCl and 0.02% Tween 80®, followed by 2 min in 70%
ethanol and rinsing thrice in sterile water. Leaves and stems were disinfected in the same
manner, except that they were dipped only once in 0.5% NaOCl and 0.02% Tween 80® for
2 min. Samples were then processed as described above, except for stem pieces which were
entirely lyophilized after sampling.

2.5. Quantification of Rhizospheric and Endophytic Association Using Droplet Digital PCR

DNA from inoculated grapevine samples was extracted with the DNeasy PowerSoil
Pro kit (Qiagen, Hilden, Germany) following the manufacturer’s directions. To carry
out the molecular absolute quantification, the device QX200 DROPLET DIGITAL PCR
(ddPCRTM) System (Bio-Rad, Hercules, CA, USA) installed at the Genome Transcriptome
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Platform of Bordeaux (BIOGECO, Bordeaux, France) was used. The primers used for
the PCR reactions were Ma 1763 (5′-CCAACTCCCAACCCCTGTGAAT-3′) and Ma 2097
(5′-AAAACCAGCCTCGCCGAT-3′) designed by [58] positioned in the regions of ITS 1 and
ITS 2 of the nuclear ribosomal RNA gene cluster, respectively, which were shown to be
specific to Metarhizium clade 1 which includes M. robertsii. The 22 µL PCR reaction mix
per sample was composed of 2 µL DNA, 11 µL of QX200TM ddPCRTM EvaGreen Supermix
(containing a dsDNA-binding dye) (Bio-Rad, USA), 2.2 µL of each primer at 150 nM, plus
4.6 µL of pure water. Samples were run as single replicates with a volume of 20 µL of mix
per sample. A negative control with 2 µL of ultrapure water, as well as one positive control
with fungal DNA of M. robertsii strain EF3.5(2) extracted from a pure culture was included
on every ddPCR plate. Each 20 µL sampling mix was divided into droplets with the QX200
Droplet Generator (Bio-Rad) and then transferred to a 96-well PCR plate. The thermocycling
program was set as [95 ◦C× 5 min; 40 cycles of (95 ◦C× 30 s, 61 ◦C × 1 min), 4 ◦C × 5 min
and 90 ◦C × 5 min] in the Bio-Rad C1000 (Bio-Rad). The device QX200 droplets reader
screened each droplet solely for fluorescent signal. The absolute number of copies of
targeted fungal DNA sequence per µL of the sample was calculated with a Poisson model,
processing the number of positive droplets out of 20,000 droplets (QuantaSoftTM version
1.7, Bio-Rad software). The threshold defining the detection of the positive droplets was
adjusted manually at the value of 5000 of fluorescence amplitude. Finally, the dilution
factor of the DNA extract in the reaction mix (2 µL in 22 µL) was used to calculate the
ultimate absolute concentration of each sample. When analyzing the data, the final values
of quantification that were inferior to 1 copies/µL were considered as null for the analysis.

2.6. Observations of Rhizospheric and Endophytic Association Using Confocal Microscopy

Confocal imaging was completed at the Bordeaux Imaging Center (BIC) (Bordeaux
University, Bordeaux, France) on a Zeiss LSM 880 confocal laser scanning microscope
equipped with fast Airy Scan using Zeiss C PL APO × 63 oil-immersion objective. For GFP,
excitation was achieved with a 488 nm laser power and fluorescence emission collected
at 505–550 nm. Grapevines used for microscopic observation were produced as described
above (see Section 2.2) and 12 grapevines in vitro were inoculated by drenching with 50 mL
of fungal suspension of 1 × 107 conidia·mL−1 of M. robertsii strain ARSEF-2575-GFP. After
14-, 31-, 63- and 98- dpi, respectively, 3 plants were uprooted and analyzed through laser
scanning confocal microscopy.

2.7. Statistical Analysis

All analysis were carried out in the R software updated version RStudio 2022.07.2 + 576
(2022 RStudio©, PBC. All Rights Reserved). The non-parametric Kruskal–Wallis test was
used to determine significant differences (p < 0.05) between the two tested strains and the
control treatment for the number of DNA copies/µL quantified in the rhizosphere and root
endosphere via ddPCR. Finally, the percentage of detection of M. robertsii as established in
the rhizosphere and root-endosphere was analyzed separately for each strain by comparing
results from both ddPCR and culture-based method with the Chi2 test.

3. Results
3.1. Quantification of Association of Two M. robertsii Strains with Grapevines via ddPCR
3.1.1. Quantification of Rhizospheric Potential of Two M. robertsii Strains

For the rhizosphere, ddPCR detected Metarhizium robertsii DNA copies (c) in 87 of the
117 (74.4%) tested root samples. In detail, 41 of 44 (82.2%) roots inoculated with EF3.5(2) or
ARSEF-2575-GFP, respectively, were tested positive. However, we also detected M. robertsii
DNA in the roots of the control plants with 6 out of 28 (21.4%) plants being positively
amplified by ddPCR.

A median of exp(4.30) c/µL (range 0–exp(6.04)) at 14 dpi, exp(4.20) c/µL (range
0–exp(7.60)) at 35 dpi, exp(2.74) c/µL (range exp(1.32)–exp(5.08)) at 63 dpi and exp(4.61)
c/µL (range 0–exp(7.20)) at 96–98 dpi, respectively, was quantified in DNA extracted of root
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samples inoculated with the strain EF3.5(2). Meanwhile, M. robertsii DNA copies from roots
of the ARSEF-2575-GFP treatment reached median concentrations of exp(3.55) c/µL (range
0–exp(5.20)) at 14 dpi, exp(3.60) c/µL (range exp(0.74)–exp(5.11)) at 35 dpi, exp(2.84) c/µL
(range 0–exp(6.30)) at 63 dpi and exp(2.25) c/µL (range 0–exp(4.22)) at 96–98 dpi. Of the
tested control plants, 6 positive amplifications were obtained, yet with very low copy
numbers ranging from exp(0.3) to exp(2.9) c/µL. While significant differences between the
two EIPF treatments occurred only at the end of the experiment at 96–98 dpi (pairwise
Wilcoxon test, p = 0.0136), both treatments had higher EIPF concentrations than the control
at all times (Kruskal–Wallis test, X2 = 13.496, df = 2, p = 0.001173; X2 = 14.044, df = 2,
p = 0.0008922; X2 = 9.6779, df = 2, p = 0.007915 for 14, 35, 63 dpi, respectively) (Figure 1a).
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Figure 1. (a) Time-course of quantification of rhizospheric V. vinifera association of two M. robertsii
strains (EF3.5(2), red boxes; GFP transformed strain ARSEF-2575-GFP, white boxes) and a control
treatment (blue boxes) using ddPCR. The boxplots represent the logarithm of the number (nb) of DNA
copies (of non-null values) of M. robertsii per microliter of DNA extracted of mixed non-disinfected
grapevine roots with adhering soil (rhizosphere) 14-, 35-, 63- and 96–98 days post inoculation (dpi).
Significant differences are indicated by small letters above to boxes (Kruskal–Wallis test, p < 0.05);
(b) Time-course of quantification of endophytic V. vinifera root association of two M. robertsii strains
using ddPCR. The boxplots represent the logarithm of the number (nb) of DNA copies (of non-null
values) of M. robertsii per microliter of DNA extracted of mixed disinfected grapevine roots (root
endosphere) 14-, 35-, 63- and 96–98 days post inoculation (dpi).
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3.1.2. Quantification of the Root Endophytic Potential of Two M. robertsii Strains

Considering the endophytic potential of M. robertsii, 51 of 115 tested root samples
(44.4%), amplified positively in the ddPCR. Metarhizium robertsii DNA copies (c) were
detected in 21 of 44 (47.8%) root samples treated with M. robertsii strain EF3.5(2), while the
transformed strain ARSEF-2575-GFP was detected in 26 of 43 (60.5%) root samples. Among
the control root samples, 4 out of 28 (14.3%) tested positive in the ddPCR.

The endophytic concentration of DNA from the root samples treated with either strain
EF3.5(2) (median of exp(1.72) c/µL (range 0–exp(4.20))) or strain ARSEF-2575-GFP (median
of exp(1.41) c/µL (range 0–exp(3.27))) was significantly higher compared to the controls
at 35 dpi (Kruskal–Wallis test, X2 = 8.6207, df = 2, p = 0.01343), respectively). Similarly,
endophytic root concentrations of M. robertsii differed between EIPF treatments and the
control at 96–98 dpi (Kruskal–Wallis test, X2 = 10.784, df = 2, p = 0.004554), with a median
exp(1.17) c/µL (range 0–exp(5.84)) for samples treated with the strain EF3.5(2) and exp(1.36)
c/µL (range 0–exp(3.88)) for samples treated with the strain ARSEF-2575-GFP. However,
no significant differences were detected at 14 dpi (Kruskal–Wallis test, X2 = 2.4277, df = 2,
p = 0.2971) and 63 dpi (Kruskal–Wallis test, X2 = 0.15558, df = 2, p = 0.9252) (Figure 1b).

3.1.3. Quantification of Endophytic Potential of Two M. robertsii Strains in V. vinifera Leaves
and Stem

Regarding the potential of systemic colonization of grapevine by M. robertsii strain
EF3.5(2), DNA was positively quantified in 12.2% (5/41) of the third leaves sampled, 9.3%
(4/43) of the stem pieces, and 7.5% (3/40) of the terminal leaves, albeit with an overall low
concentration range from exp(0.28) to exp(1.01) c/µL. In control plants, 3.6% (1/28) of the
third leaves, 3.2% (1/31) of the stem pieces, and 9.6% (3/31) of the terminal leaves had a
positive signal for M. robertsii DNA with a range of [0.28–1.5] exp(c/µL). In grapevines
inoculated with the transformed M. robertsii strain ARSEF-2575-GFP, 26.3% (10/38) of the
third leaves, 2.6% (1/39) of the stem pieces, and 28.2% (11/39) of the terminal leaves showed
positive signals. Positive third and terminal leaf samples ranged from exp(0.36) to exp(3.35)
c/µL with 5 plants scoring higher than exp(2.36) c/µL which is judged as a high value
indicating a potential systemic colonization of the transformed strain ARSEF-2575-GFP.
Results are summarized in Appendix A—Table A1.

3.2. Association of M. robertsii with V. vinifera Assessed via Culture-Based Method

Using the culture-based method M. robertsii strain EF3.5(2) and the transformed strain
ARSEF-2575-GFP were classified as being associated with the rhizosphere in 65.9% (29/44)
and 11.4% (5/44) of the grapevine plants, respectively, when all four post-inoculation
periods were considered (Figure 2a). An association to the root endosphere was detected in
13.6% (6/44) of the tested grapevines for strain EF3.5(2) and 4.5% (2/44) for the transformed
strain ARSEF-2575-GFP (Figure 2b). The strain EF3.5(2) was significantly associated with
the rhizosphere of more grapevine plants than the transformed strain ARSEF-2575-GFP
(Chisq.test: X2 = 184.94, df = 7, p < 2.2 × 10−16) relative to overall post-inoculation peri-
ods. However, there was no significant difference in the percentage of grapevines being
endophytically associated with both strains (Chisq.test: X2 = 23.882, df = 7, p = 0.001195)
according to the culture-based method. Additionally, the culture-based method did not
reveal an evidence of systemic colonization of the plants as none of the tested leaves grown
on the culture medium showed evidence of M. robertsii colonies (data not shown here).

The association of M. robertsii to the grapevine rhizosphere was significantly more
often detected by ddPCR compared to the culture-based method for the transformed strain
ARSEF-2575-GFP (Chisq.test: X2 = 30.556, df = 7, p = 7.507 × 10−5) but not for the strain
EF3.5(2) (Chisq.test: X2 = 5.6571, df = 7, p = 0.5803). Same was true for the association of
M. robertsii to the root endosphere which was higher when assessed by ddPCR compared
to the culture-based method (strain EF3.5(2): Chisq.test: X2 = 15.429, df = 7, p = 0.03088;
strain ARSEF-2575-GFP: Chisq.test: X2 = 32.571, df = 7, p = 3.181 × 10−5).
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Figure 2. Time-course of detection of two M. robertsii strains (EF3.5(2); GFP-transformed strain
ARSEF-2575-GFP) and a control treatment on V. vinifera roots. The bars represent the percentage of
M. robertsii colonized grapevines at (a) the rhizosphere and (b) the root endosphere evaluated with
two methods: culture-based method (EF3.5(2): red bars, ARSEF-2575-GFP: grey bars, controls: dark
blue bars) and ddPCR (EF3.5(2): pink bars, ARSEF-2575-GFP: white bars, controls: light blue bars).
Evaluation was made 14-, 35-, 63- and 96–98 days post inoculation (dpi).

3.3. Observation of the M. robertsii Transformed Strain ARSEF-2575-GFP Association with
Grapevine Roots

The microscopic results of grapevine roots inoculated with the transformed M. robertsii
ARSEF-2575-GFP strain showed the successful adhesion of the fungus to the root surface as
indicated by positive fluorescent signals at 14 dpi (Figure 3a). At 31 dpi spore germination
was observed at the root surface (Figure 3b–d) with a few hyphae emerging from the spores
attached to the root surface, which indicated the rhizospheric competence of this strain.
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Figure 3. Confocal images of grapevine root association with M. robertsii ARSEF-2575-GFP expressing
green fluorescent protein (GFP) observed at (a) 14 dpi, and at (b–d) 31 dpi. All scale bars are 5 µm
and total magnification was ×63 using an oil-immersion objective.

4. Discussion

Metarhizium spp. strains were previously demonstrated to be rhizosphere and root
endosphere colonizers of diverse plant species from annual to wild flowers, grasses, annual
to perennial crops, shrubs and trees [6,9,16,24,29,59–62] with subsequent stimulation of the
root growth in some cases [7,63]. The potential for association of M. robertsii with roots
has been supported by studies of Metarhizium spp. demonstrating its natural association
with the rhizosphere and root-endosphere of several plant species from diverse botanical
families [6,30,59,64–66]. It was reinforced by culturing above and below ground tissue of
82 flower species randomly sampled in Canadian grassland, with 47 (57%) of the samples
being colonized at the root level by Metarhizium spp. [6]. Based on results obtained via
culture-based method we found that 85% of the inoculated grapevines were colonized at the
rhizosphere level at 14 dpi by the strain EF3.5(2), dropping to 40% at 96–98 dpi compared to
the respective 0% and 13% at both assessment dates for the strain ARSEF-2575-GFP. For the
root endosphere, the colonization level ranked from 23% at 14 dpi to 10% at 96–98 dpi for the
strain EF3.5(2) and from 0 to 13% for the strain ARSEF-2575-GFP. Previously, M. robertsii was
found to endophytically establish in the roots of tomatoes with colonization levels of 100%
to 95% from 10 to 30 dpi after seed inoculation [67]; in maize roots the level of endophyte
colonization was 82% after seed-dressing [60]. A high level of endophytic colonization of
cassava Manihot esculenta Crantz with three M. anisopliae strains was observed from 100% to
50% after 7–9 dpi and 100% to 20% after 47–49 dpi with root drenching inoculation [16]. The
endophytic root colonization of two strawberry Fragaria × ananassa Duch varieties ranked
from 20 to 100% at 180 dpi after plantlet dipping also depending on the tested strain [68].
Additionally, M. anisopliae succeeded high percentage of root colonization (83%) of Vicia faba
L. 30 dpi after its seed-inoculation [32]. In comparison, the colonization of French bean roots
was judged low by the authors with 30% of endophytic root colonization by M. robertsii
at 35 dpi after seed immersion [69] compared to their previous results. [70] recorded no
endophytic association of M. anisopliae with both common bean and French bean, 14 days
post seed-dressing, and [71] found the same results using the same M. anisopliae strain
inoculated to maize using seed-treatment. Thus, the endophytic root-colonization of
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grapevines in our trial by the two M. robertsii was minimal, which could be attributed to
the use of a sterile soil substrate, as [72] found that B. bassiana endophytically colonized less
leaves, stems and roots of sorghum Sorghum bicolor L. planted in sterile and non-sterile soil
compared to vermiculite. Additionally, Ref. [19] found low endophytic root-colonization
levels of M. anisopliae in the common bean planted in sterile and non-sterile soil, and
concluded that sterility of the substrate had impaired the colonization capacity.

A previous study showed successful colonization of the EIPF Beauveria bassiana strain
H2S32 with grapevine V. vinifera var. Sideritis both grafted on R110 rootstock and self-
rooted after drenching with this fungus. The respective percentage of endophytic root
colonization after 53 dpi ranked from 82.5% for the self-rooted plants to 80% for the grafted
ones and the colonization had a subsequential enhancement of grapevine growth [46].
Additionally, it was recorded that 50% of tested grafted grapevines V. vinifera cv. Pinotage
were endophytically colonized by B. bassiana at leaf level 21 days after root drenching [49].
Thus, EIPF have the potential of endophytic association with both grafted and un-grafted
grapevines which can in turn evolve into systemic colonization.

Remarkably, evidence of systemic colonization of grapevine plants by M. robertsii strain
ARSEF-2575-GFP was demonstrated via ddPCR but not via the culture-based method, with
6.5% (5/77) of tested leaves classified as endophytically colonized. Yet, a lot of studies focus-
ing on Metarhizium spp. endophytic colonization did not record proof of colonization in the
above-ground part of the trialed plant species, but only in the roots [6,7,16,29,32,69]. In one
study, French bean Phaseolus vulgaris was drenched with a fungal suspension of the strain
ARSEF-2575-GFP, resulting in 10% of stems and leaves being endophytically colonized
with EIPF at 60 dpi [24]. However, a systemic colonization of the EIPF Metarhizium spp. is
commonly observed when employing other methods of inoculation then root-drenching or
direct contact with the soil [73]. The seed-treatment method usually induced high rates of
systemic colonization by Metarhizium spp. during the initial phase of the trial. For example,
28.9% of maize leaf sections were observed to be endophytically colonized with M. robertsii
strain after seed inoculation [60]. When tomato seeds were inoculated with M. robertsii, 60%
of the sampled leaves were endophytically colonized at 10 dpi, decreasing to 20% at 30 dpi
and from 20% to 5% in stems [67]. The foliar application of conidia of one leaf of rapeseed
Brassica napus L. with M. anisopliae induced systemic colonization of the plants ranking
from 50% to 80% for sampled leaves, 35% to 75% for the petioles, and finally 15% to 35% for
the stems after 14 to 35 dpi [74]. Additionally, tomato, melon Cucumis melo L. var. reticulatus
Naud and Alfalfa Medicago sativa L. were endophytically colonized by Metarhizium spp.
with a rank of colonization from 65% to 35% in the leaves and 70 to 35% in the stems after
24 to 96 h post treatment [75].

In this study, the ddPCR revealed that both strains colonized the grapevine root rhizo-
sphere to the same extent at 63 dpi. However, the culture-based method showed a higher
percentage of rhizosphere colonization by the strain EF3.5(2) native to vineyard compared
to the transformed strain ARSEF-2575-GFP during the time course of the experiment. This
result was corroborated by quantification using ddPCR at the end of the experiment, which
showed a higher persistence of association of the native strain. The reasons for this higher
establishment in the grapevine rhizosphere could be related to the propensity of the strain
EF3.5(2) to exploit the photosynthetic products secreted by grapevine in the soil [10]. In-
deed, M. robertsii rhizosphere-competence genes are up-regulated when in contact with
high concentration of root exudates secreted by the surrounding plant. Additionally, the
success of one fungal strain to colonize the rhizosphere is directly related to its capacity
to utilize secreted plants metabolites, such as sucrose [76]. It was demonstrated that some
species from the M. anisopliae complex, including M. robertsii strain ARSEF-2575-GFP have
a better ability to grow and germinate at high concentrations of root exudates [10]. As the
strain ARSEF-2575-GFP is non-native to the vineyard soil, it might lack specialization of
specific grapevine excreted root exudates compared to the strain EF3.5(2), thus impairing
its ability to multiply in the rhizosphere and colonize the roots. Thus, the vineyard native
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strain seems to be the best candidate as a biocontrol agent to protect grapevine roots against
soil pests because it shows a high persistence of association with grapevine roots.

Both strains were found to endophytically establish inside grapevine roots with the
same pattern according to ddPCR and culture-based methods, yet with quite a low inci-
dence of colonization. The endophytic M. robertsii DNA quantification in grapevine roots
inoculated either with M. robertsii EF3.5(2) or the strain ARSEF-2575-GFP did not differ
significantly from the quantification in the control plants at 14 and 63 dpi. This could be
explained by the fact that the establishment of M. robertsii inside roots happened indepen-
dently of the experimental timing. As a result, more plants from the pool of replicates
screened at 35 dpi were endophytically colonized compared to the ones at 63 dpi. Similar
results were obtained when quantifying endophytic French bean root colonization by M.
robertsii strain ARSEF-2575-GFP [24]. The amount of M. robertsii DNA quantified decreased
from 3 to 10 dpi and then increased from 10 to 14 dpi. These quantifications variations
could be explained by the number of plants colonized at the respective time of detection.
Additionally, when quantifying an artificially inoculated endophyte, Serendipita herbamans
associated with the knotweed Reynoutria ssp. roots, high variations of quantification were
found particularly under suitable conditions of establishment [77].

Comparing the different methods used in this study, ddPCR is a sensitive method
which can precisely detect and quantify microorganisms from various environments even
if they are present at very low concentrations [78], with more precision and less techni-
cal preparation than qPCR or nested qPCR [26–28,79,80]. It has the best quantification
performance compared to other DNA quantification methods for samples taken from en-
vironments with complex matrix prone to PCR inhibition and rich of non-target DNAs
like soil or plant tissue [81]. These attributes of ddPCR make it an insightful tool for
DNA quantification of endophytes in plants allowing better characterization of endophyte’
association with plants and the kinetics of establishment. However, the high sensitivity of
the method may consequently influence its specificity by detecting very low levels of DNA.
In our study, the presence of M. robertsii was detected in roots, leaves and stems of control
plants which might originate from other microorganisms with similar DNA sequences [82].
Thus, ddPCR is also prone to detect false positives, depending on primer specificity.

To characterize the endophytic potential of M. robertsii in grapevine plants, we also
employed a more traditional culture-based method in our study. This method is most
commonly used as it is affordable, easy to handle with standard microbiology instruments,
and is rapid with on average 10 days necessary to observe the fungal growth on the
plates [22]. In contrast, ddPCR is a costly molecular tool which requires sophisticated PCR
equipment, some pre-testing for preparation of samples and significantly extra work with
DNA extraction. The culture-based method has the main advantage to characterize the
microorganism viability as only the live propagules grow on the medium, as opposed to
ddPCR, which quantifies DNA from viable and non-viable cells complicating scientific
interpretations on the quantified inoculum [83]. In addition, the culture-based method
is not suitable for fungal propagules quantification because the plating does not assure
homogeneous distribution of fungal spores or the respective inoculum has a low vitality [27].
Additionally, the competitiveness of other endophytic species that grow abundantly on the
respective growth medium because of its lack of selectivity can bias the quantification of
individuals which are over or under represented [23]. The ddPCR is more sensitive than the
culture-based method used to detect fungal endophytes, which was apparent in our study
when detecting both M. robertsii strains in the root endosphere and in the aboveground
parts of grapevine. ddPCR characterized several leaf and stem tissue samples as being
endophytically colonized with both M. robertsii strains, while culture-based method showed
no evidence of systemic colonization of grapevine by the respective strains.

Confocal microscopy was used to complete the range of methods employed in this
study. Compared to the two other methods discussed so far, it gives the most irrefutable
proof of endophytic and rhizosphere colonization of the plant [24]. It is the only method that
characterizes the fungal distribution inside the plant tissues as well as the fungal structures
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colonizing the plant [6,7]. Additionally, a transformed strain with green fluorescent protein
is usually inoculated for microscopic tracking, making it an undisputable proof of the
colonization potential of the fungus [53]. However, a significant amount of time is necessary
to create the transformant strain, to screen a large number of plant replicates and tissues
of a single plant, and to prepare a significant number of microsections of different tissues.
Additionally, the chances of detecting endophytic colonization with confocal microscopy
are low compared to the ddPCR or the culture-based method, making the use of these
more sensible methods mandatory for endophytic detection surveys [84]. The results of
our study are in line with this finding, we found no evidence of endophytic colonization of
the transformed strain ARSEF-2575-GFP by confocal microscopy observation while ddPCR
and culture-based method detected endophytic colonization. However, further confocal
microscopy observations with more screened root segments should be made to confirm the
obtained results.

5. Conclusions

The present study is the first to demonstrate the power of a combination of methods
used to investigate endophytic establishment of M. robertsii in grapevine. We found
a significantly greater establishment of the vineyard native M. robertsii EF3.5(2) strain
compared to the GFP-transformed strain ARSEF-2575-GFP in the rhizosphere of grapevine.
This could potentially be explained by the specific affinity of the native strain to the root
exudates of grapevine enhancing its multiplication in the rhizosphere.

ddPCR is the most sensitive detection method and we recommend to include it in
studies aiming to characterize the kinetics of endophytic fungal establishment and their
systemic colonization. Nonetheless, the method is not a stand-alone technique, but should
be accompanied by culture-based and/or confocal microscopy that provides addition
information on the viability of the fungus.
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Appendix A

Table A1. Detection of M. robertsii DNA copies in aboveground grapevine tissue (stem, third leaf,
terminal leaf) 14-, 35-, 63- and 96–98 days post inoculation (dpi) after watering roots with a conidial
suspension of two M. robertsii strains (EF3.5(2) and ARSEF-2575-GFP). Presented are the number of
positive plants in relation to the total number of plants (or percentage positive plants) and the copy
numbers/µL sample (or range of copy numbers) determined via ddPCR. Control plants were treated
with the same volume of a sterile suspension solution.

14 dpi 35 dpi 63 dpi 96–98 dpi

EF3.5(2)
ARSEF-

2575-
GFP

Control EF3.5(2)
ARSEF-

2575-
GFP

Control EF3.5(2)
ARSEF-

2575-
GFP

Control EF3.5(2)
ARSEF-

2575-
GFP

Controls

STEM

1/13
(7.7%)
1.43

c/µL

0/11
(0%) 0/7 (0%) 0/10

(0%)

1/10
(10.0%)

1.54
c/µL

0/7 (0%) 0/11
(0%)

0/11
(0%) 0/7 (0%)

3/9
(33.3%)

1.98–2.75
c/µL

0/7 (0%)

1/7
(14.3%)

4.51
c/µL

THIRD
LEAF

1/13
(7.7%),

1.32
c/µL

3/12
(25.0%)

1.43–3.41
c/µL

0/7 (0%) 0/9 (0%)

1/9
(11.1%)

2.20
c/µL

0/7 (0%)

1/10
(10.0%)

1.32
c/µL

4/10
(40.0%)

1.43–17.6
c/µL

0/7 (0%)

3/9
(33.3%)

1.32–2.20
c/µL

2/7
(28.6%)
1.76–11
c/µL

1/7
(14.3%)

1.43
c/µL

TERMINAL
LEAF

0/12
(0%)

3/12
(25.0%)

1.43–28.6
c/µL

0/7 (0%) 0/9 (0%)

2/11
(18.2%)

2.97–
10.67
c/µL

2/7
(28.7%)

1.32–3.52
c/µL

2/10
(20.0%)

1.32–1.65
c/µL

5/10
(50.0%)

1.98–24.2
c/µL

0/7 (0%)

1/9
(11.1%)

1.43
c/µL

1/6
(16.7%)

2.86
c/µL

0/7 (0%)

References
1. Jaber, L.R.; Ownley, B.H. Can we use entomopathogenic fungi as endophytes for dual biological control of insect pests and plant

pathogens? Biol. Control 2018, 116, 36–45. [CrossRef]
2. Bamisile, B.S.; Dash, C.K.; Akutse, K.S.; Keppanan, R.; Afolabi, O.G.; Hussain, M.; Qasim, M.; Wang, L. 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. Microbiol. Res. 2018, 217, 34–50. [CrossRef] [PubMed]

3. Dara, S.K. Non-Entomopathogenic Roles of Entomopathogenic Fungi in Promoting Plant Health and Growth. Insects 2019, 10, 277.
[CrossRef] [PubMed]

4. Vega, F. The use of fungal entomopathogens as endophytes in biological control: A review. Mycologia 2018, 110, 4–30. [CrossRef]
[PubMed]

5. Petrini, O. Fungal Endophytes of Tree Leaves. In Microbial Ecology of Leaves; Andrews, J.H., Hirano, S.S., Eds.; Springer: New
York, NY, USA, 1991; pp. 179–197. [CrossRef]

6. Behie, S.W.; Jones, S.J.; Bidochka, M.J. Plant tissue localization of the endophytic insect pathogenic fungi Metarhizium and Beauveria.
Fungal Ecol. 2015, 13, 112–119. [CrossRef]

7. Sasan, R.K.; Bidochka, M.J. The insect-pathogenic fungus Metarhizium robertsii (Clavicipitaceae) is also an endophyte that
stimulates plant root development. Am. J. Bot. 2012, 99, 101–107. [CrossRef]

8. de Faria, M.R.; Wraight, S.P. Mycoinsecticides and Mycoacaricides: A comprehensive list with worldwide coverage and
international classification of formulation types. Biol. Control 2007, 43, 237–256. [CrossRef]

9. Hu, G.; St Leger, R.J. Field Studies Using a Recombinant Mycoinsecticide (Metarhizium anisopliae) Reveal that It Is Rhizosphere
Competent. Appl. Environ. Microbiol. 2002, 68, 6383–6387. [CrossRef]

10. Pava-Ripoll, M.; Angelini, C.; Fang, W.; Wang, S.; Posada, F.J.; St Leger, R. The rhizosphere-competent entomopathogen
Metarhizium anisopliae expresses a specific subset of genes in plant root exudate. Microbiology 2011, 157, 47–55. [CrossRef]

11. Liao, X.; O’Brien, T.R.; Fang, W.; St Leger, R.J. The plant beneficial effects of Metarhizium species correlate with their association
with roots. Appl. Microbiol. Biotechnol. 2014, 98, 7089–7096. [CrossRef]

12. Moonjely, S.; Bidochka, M.J. Generalist and specialist Metarhizium insect pathogens retain ancestral ability to colonize plant roots.
Fungal Ecol. 2019, 41, 209–217. [CrossRef]

13. Lahey, S.; Angelone, S.; DeBartolo, M.O.; Coutinho-Rodrigues, C.; Bidochka, M.J. Localization of the insect pathogenic fungal
plant symbionts Metarhizium robertsii and Metarhizium brunneum in bean and corn roots. Fungal Biol. 2020, 124, 877–883. [CrossRef]

14. Cherry, A.J.; Banito, A.; Djegui, D.; Lomer, C. Suppression of the stem-borer Sesamia calamisti (Lepidoptera; Noctuidae) in maize
following seed dressing, topical application and stem injection with African isolates of Beauveria bassiana. Int. J. Pest Manag. 2004,
50, 67–73. [CrossRef]

15. Rondot, Y.; Reineke, A. Association of Beauveria bassiana with grapevine plants deters adult black vine weevils, Otiorhynchus
sulcatus. Biocontrol Sci. Technol. 2017, 27, 811–820. [CrossRef]

16. Greenfield, M.; Gómez-Jiménez, M.I.; Ortiz, V.; Vega, F.E.; Kramer, M.; Parsa, S. Beauveria bassiana and Metarhizium anisopliae
endophytically colonize cassava roots following soil drench inoculation. Biol. Control 2016, 95, 40–48. [CrossRef] [PubMed]

http://doi.org/10.1016/j.biocontrol.2017.01.018
http://doi.org/10.1016/j.micres.2018.08.016
http://www.ncbi.nlm.nih.gov/pubmed/30384907
http://doi.org/10.3390/insects10090277
http://www.ncbi.nlm.nih.gov/pubmed/31480565
http://doi.org/10.1080/00275514.2017.1418578
http://www.ncbi.nlm.nih.gov/pubmed/29863999
http://doi.org/10.1007/978-1-4612-3168-4_9
http://doi.org/10.1016/j.funeco.2014.08.001
http://doi.org/10.3732/ajb.1100136
http://doi.org/10.1016/j.biocontrol.2007.08.001
http://doi.org/10.1128/AEM.68.12.6383-6387.2002
http://doi.org/10.1099/mic.0.042200-0
http://doi.org/10.1007/s00253-014-5788-2
http://doi.org/10.1016/j.funeco.2019.06.004
http://doi.org/10.1016/j.funbio.2020.07.005
http://doi.org/10.1080/09670870310001637426
http://doi.org/10.1080/09583157.2017.1347604
http://doi.org/10.1016/j.biocontrol.2016.01.002
http://www.ncbi.nlm.nih.gov/pubmed/27103778


Microorganisms 2022, 10, 2437 14 of 16

17. Brownbridge, M.; Reay, S.D.; Nelson, T.L.; Glare, T.R. Persistence of Beauveria bassiana (Ascomycota: Hypocreales) as an endophyte
following inoculation of radiata pine seed and seedlings. Biol. Control 2012, 61, 194–200. [CrossRef]

18. González-Guzmán, A.; Rey, M.-D.; Froussart, E.; Quesada-Moraga, E. Elucidating the Effect of Endophytic Entomopathogenic
Fungi on Bread Wheat Growth through Signaling of Immune Response-Related Hormones. Appl. Environ. Microbiol. 2022,
88, e00882-22. [CrossRef]

19. Parsa, S.; Ortiz, V.; Gómez-Jiménez, M.I.; Kramer, M.; Vega, F.E. Root environment is a key determinant of fungal entomopathogen
endophytism following seed treatment in the common bean, Phaseolus vulgaris. Biol. Control 2018, 116, 74–81. [CrossRef]

20. Ahmad, I.; Jiménez-Gasco, M.d.M.; Luthe, D.S.; Barbercheck, M.E. Systemic Colonization by Metarhizium robertsii Enhances Cover
Crop Growth. JoF 2020, 6, 64. [CrossRef]

21. McKinnon, A.C.; Saari, S.; Moran-Diez, M.E.; Meyling, N.V.; Raad, M.; Glare, T.R. Beauveria bassiana as an endophyte: A critical
review on associated methodology and biocontrol potential. BioControl 2017, 62, 1–17. [CrossRef]

22. Greenfield, M.; Pareja, R.; Ortiz, V.; Gómez-Jiménez, M.I.; Vega, F.E.; Parsa, S. A novel method to scale up fungal endophyte
isolations. Biocontrol Sci. Technol. 2015, 25, 1208–1212. [CrossRef]

23. Porras-Alfaro, A.; Bayman, P. Hidden Fungi, Emergent Properties: Endophytes and Microbiomes. Annu. Rev. Phytopathol. 2011,
49, 291–315. [CrossRef] [PubMed]

24. Barelli, L.; Moreira, C.C.; Bidochka, M.J. Initial stages of endophytic colonization by Metarhizium involves rhizoplane colonization.
Microbiology 2018, 164, 1531–1540. [CrossRef] [PubMed]

25. Tyurin, M.; Kabilov, M.; Smirnova, N.; Tomilova, O.; Yaroslavtseva, O.; Alikina, T.; Glupov, V.; Kryukov, V. Can Potato Plants Be
Colonized with the Fungi Metarhizium and Beauveria under Their Natural Load in Agrosystems? Microorganisms 2021, 9, 1373.
[CrossRef] [PubMed]

26. Hindson, B.J.; Ness, K.D.; Masquelier, D.A.; Belgrader, P.; Heredia, N.J.; Makarewicz, A.J.; Bright, I.J.; Lucero, M.Y.; Hid-dessen,
A.L.; Legler, T.C.; et al. High-Throughput Droplet Digital PCR System for Absolute Quantitation of DNA Copy Number. Anal.
Chem. 2011, 83, 8604–8610. [CrossRef] [PubMed]

27. Landa, B.B.; López-Díaz, C.; Jiménez-Fernández, D.; Montes-Borrego, M.; Muñoz-Ledesma, F.; Ortiz-Urquiza, A.; Quesada-
Moraga, E. In-planta detection and monitorization of endophytic colonization by a Beauveria bassiana strain using a new-developed
nested and quantitative PCR-based assay and confocal laser scanning microscopy. J. Invertebr. Pathol. 2013, 114, 128–138.
[CrossRef]

28. del Pilar Martínez-Diz, M.; Andrés-Sodupe, M.; Berbegal, M.; Bujanda, R.; Díaz-Losada, E.; Gramaje, D. Droplet Digital PCR
Technology for Detection of Ilyonectria liriodendri from Grapevine Environmental Samples. Plant Dis. 2020, 104, 1144–1150.
[CrossRef]

29. Garcia, M.V.; Monteiro, A.C.; Szabó, M.P.J.; Mochi, D.A.; Simi, L.D.; Carvalho, W.M.; Tsuruta, S.A.; Barbosa, J.C. Effect of
Metarhizium anisopliae fungus on off-host Rhipicephalus (Boophilus) microplus from tick-infested pasture under cattle grazing in
Brazil. Vet. Parasitol. 2011, 181, 267–273. [CrossRef]

30. Khan, A.L.; Hamayun, M.; Khan, S.A.; Kang, S.-M.; Shinwari, Z.K.; Kamran, M.; ur Rehman, S.; Kim, J.-G.; Lee, I.-J. Pure culture
of Metarhizium anisopliae LHL07 reprograms soybean to higher growth and mitigates salt stress. World J. Microbiol. Biotechnol.
2012, 28, 1483–1494. [CrossRef]

31. Behie, S.W.; Bidochka, M.J. Ubiquity of Insect-Derived Nitrogen Transfer to Plants by Endophytic Insect-Pathogenic Fungi: An
Additional Branch of the Soil Nitrogen Cycle. Appl. Environ. Microbiol. 2014, 80, 1553–1560. [CrossRef]

32. Akello, J.; Sikora, R. Systemic acropedal influence of endophyte seed treatment on Acyrthosiphon pisum and Aphis fabae offspring
development and reproductive fitness. Biol. Control 2012, 61, 215–221. [CrossRef]

33. Razinger, J.; Lutz, M.; Schroers, H.-J.; Urek, G.; Grunder, J. Evaluation of Insect Associated and Plant Growth Promoting Fungi in
the Control of Cabbage Root Flies. J. Econ. Entomol. 2014, 107, 1348–1354. [CrossRef] [PubMed]

34. Rubio, B.; Lalanne-Tisné, G.; Voisin, R.; Tandonnet, J.-P.; Portier, U.; Van Ghelder, C.; LaFargue, M.; Petit, J.-P.; Donnart, M.;
Joubard, B.; et al. Characterization of genetic determinants of the resistance to phylloxera, Daktulosphaira vitifoliae, and the dagger
nematode Xiphinema index from muscadine background. BMC Plant Biol. 2020, 20, 213. [CrossRef] [PubMed]

35. Arancibia, C.; Riaz, S.; Agüero, C.; Ramirez-Corona, B.; Alonso, R.; Buscema, F.; Martínez, L.; Walker, M. Grape phylloxera
(Daktulosphaira vitifoliae Fitch) in Argentina: Ecological associations to diversity, population structure and reproductive mode:
Diversity of Argentinean grape phylloxera. Aust. J. Grape Wine Res. 2018, 24, 284–291. [CrossRef]

36. Benheim, D.; Rochfort, S.; Robertson, E.; Potter, I.D.; Powell, K.S. Grape phylloxera (Daktulosphaira vitifoliae)—A review of
potential detection and alternative management options: Alternative management and detection of grape phylloxera. Ann. Appl.
Biol. 2012, 161, 91–115. [CrossRef]

37. González, V.; Tello, M.L. The endophytic mycota associated with Vitis vinifera in central Spain. Fungal Divers. 2011, 47, 29–42.
[CrossRef]

38. Jayawardena, R.S.; Purahong, W.; Zhang, W.; Wubet, T.; Li, X.; Liu, M.; Zhao, W.; Hyde, K.D.; Liu, J.; Yan, J. Biodiversity of fungi
on Vitis vinifera L. revealed by traditional and high-resolution culture-independent approaches. Fungal Divers. 2018, 90, 1–84.
[CrossRef]

39. Poidatz, J.; López Plantey, R.; Thiéry, D. Indigenous strains of Beauveria and Metharizium as potential biological control agents
against the invasive hornet Vespa velutina. J. Invertebr. Pathol. 2018, 153, 180–185. [CrossRef]

http://doi.org/10.1016/j.biocontrol.2012.01.002
http://doi.org/10.1128/aem.00882-22
http://doi.org/10.1016/j.biocontrol.2016.09.001
http://doi.org/10.3390/jof6020064
http://doi.org/10.1007/s10526-016-9769-5
http://doi.org/10.1080/09583157.2015.1033382
http://doi.org/10.1146/annurev-phyto-080508-081831
http://www.ncbi.nlm.nih.gov/pubmed/19400639
http://doi.org/10.1099/mic.0.000729
http://www.ncbi.nlm.nih.gov/pubmed/30311875
http://doi.org/10.3390/microorganisms9071373
http://www.ncbi.nlm.nih.gov/pubmed/34202827
http://doi.org/10.1021/ac202028g
http://www.ncbi.nlm.nih.gov/pubmed/22035192
http://doi.org/10.1016/j.jip.2013.06.007
http://doi.org/10.1094/PDIS-03-19-0529-RE
http://doi.org/10.1016/j.vetpar.2011.04.031
http://doi.org/10.1007/s11274-011-0950-9
http://doi.org/10.1128/AEM.03338-13
http://doi.org/10.1016/j.biocontrol.2012.02.007
http://doi.org/10.1603/EC14004
http://www.ncbi.nlm.nih.gov/pubmed/25195421
http://doi.org/10.1186/s12870-020-2310-0
http://www.ncbi.nlm.nih.gov/pubmed/32398088
http://doi.org/10.1111/ajgw.12337
http://doi.org/10.1111/j.1744-7348.2012.00561.x
http://doi.org/10.1007/s13225-010-0073-x
http://doi.org/10.1007/s13225-018-0398-4
http://doi.org/10.1016/j.jip.2018.02.021


Microorganisms 2022, 10, 2437 15 of 16

40. Sharma, L.; Oliveira, I.; Torres, L.; Marques, G. Entomopathogenic fungi in Portuguese vineyards soils: Suggesting a ‘Galleria-
Tenebrio-bait method’ as bait-insects Galleria and Tenebrio significantly underestimate the respective recoveries of Metarhizium
(robertsii) and Beauveria (bassiana). MycoKeys 2018, 38, 1–23. [CrossRef]

41. López Plantey, R.; Papura, D.; Couture, C.; Thiéry, D.; Pizzuolo, P.H.; Bertoldi, M.V.; Lucero, G.S. Characterization of ento-
mopathogenic fungi from vineyards in Argentina with potential as biological control agents against the European grapevine
moth Lobesia botrana. BioControl 2019, 64, 501–511. [CrossRef]

42. Korosi, G.A.; Wilson, B.A.L.; Powell, K.S.; Ash, G.J.; Reineke, A.; Savocchia, S. Occurrence and diversity of entomopathogenic
fungi (Beauveria spp. and Metharizium spp.) in Australian vineyard soils. J. Invertebr. Pathol. 2019, 164, 69–77. [CrossRef]

43. Uzman, D.; Pliester, J.; Leyer, I.; Entling, M.H.; Reineke, A. Drivers of entomopathogenic fungi presence in organic and
conventional vineyard soils. Appl. Soil Ecol. 2019, 133, 89–97. [CrossRef]

44. Moloinyane, S.; Addison, P.; Achiano, K.A.; Nchu, F. Association between chemical properties of vineyard soils and occurrence of
entomopathogenic fungi causing different levels of mortality in Planococcus ficus. BioControl 2020, 65, 197–209. [CrossRef]

45. Mantzoukas, S.; Lagogiannis, I.; Ntoukas, A.; Eliopoulos, P.A.; Kouretas, D.; Karpouzas, D.G.; Poulas, K. Trapping Ento-
mopathogenic Fungi from Vine Terroir Soil Samples with Insect Baits for Controlling Serious Pests. Appl. Sci. 2020, 10, 3539.
[CrossRef]

46. Mantzoukas, S.; Lagogiannis, I.; Mpousia, D.; Ntoukas, A.; Karmakolia, K.; Eliopoulos, P.; Poulas, K. Beauveria bassiana Endophytic
Strain as Plant Growth Promoter: The Case of the Grape Vine Vitis vinifera. JoF 2021, 7, 142. [CrossRef] [PubMed]

47. Jaber, L.R. Grapevine leaf tissue colonization by the fungal entomopathogen Beauveria bassiana s.l. and its effect against downy
mildew. BioControl 2015, 60, 103–112. [CrossRef]

48. Rondot, Y.; Reineke, A. Endophytic Beauveria bassiana in grapevine Vitis vinifera (L.) reduces infestation with piercing-sucking
insects. Biol. Control 2018, 116, 82–89. [CrossRef]

49. Moloinyane, S.; Nchu, F. The Effects of Endophytic Beauveria bassiana Inoculation on Infestation Level of Planococcus ficus, Growth
and Volatile Constituents of Potted Greenhouse Grapevine (Vitis vinifera L.). Toxins 2019, 11, 72. [CrossRef]

50. Humber, R.A. Collection of Entomopathogenic Fungal Cultures: Catalog of Strains; U.S. Department of Agriculture: Washington, DC,
USA, 1992. [CrossRef]

51. Zimmermann, G. The ‘Galleria bait method’ for detection of entomopathogenic fungi in soil. J. Appl. Entomol. 1986, 102, 213–215.
[CrossRef]

52. Bischoff, J.F.; Rehner, S.A.; Humber, R.A. A multilocus phylogeny of the Metarhizium anisopliae lineage. Mycologia 2009,
101, 512–530. [CrossRef]

53. Fang, W.; Pei, Y.; Bidochka, M.J. Transformation of Metarhizium anisopliae mediated by Agrobacterium tumefaciens. Can. J.
Microbiol. 2006, 52, 623–626. [CrossRef] [PubMed]

54. Humber, R.A. Identification of entomopathogenic fungi. In Manual of Techniques in Invertebrate Pathology; Academic Press
(Elsevier): London, UK, 2012; pp. 151–187. [CrossRef]

55. Jiménez, S.; Gogorcena, Y.; Hévin, C.; Rombolà, A.D.; Ollat, N. Nitrogen nutrition influences some biochemical responses to iron
deficiency in tolerant and sensitive genotypes of Vitis. Plant Soil 2007, 290, 343–355. [CrossRef]

56. Jaber, L.R.; Araj, S.-E. Interactions among endophytic fungal entomopathogens (Ascomycota: Hypocreales), the green peach
aphid Myzus persicae Sulzer (Homoptera: Aphididae), and the aphid endoparasitoid Aphidius colemani Viereck (Hymenoptera:
Braconidae). Biol. Control 2018, 116, 53–61. [CrossRef]

57. Fernandes, E.K.K.; Keyser, C.; Rangel DE, N.; Foster, R.N.; Roberts, D.W. CTC medium: A novel dodine-free selective medium for
isolating entomopathogenic fungi, especially Metarhizium acridum, from soil. Biol. Control 2010, 54, 197–205. [CrossRef]

58. Schneider, S.; Rehner, S.A.; Widmer, F.; Enkerli, J. A PCR-based tool for cultivation-independent detection and quantification of
Metarhizium clade 1. J. Invertebr. Pathol. 2011, 108, 106–114. [CrossRef] [PubMed]

59. Wyrebek, M.; Huber, C.; Sasan, R.; Bidochka, M.J. Three sympatrically occurring species of Metarhizium show plant rhizosphere
specificity. Microbiology 2011, 157, 2904–2911. [CrossRef] [PubMed]

60. Ahmad, I.; Jiménez-Gasco, M.d.M.; Luthe, D.S.; Barbercheck, M.E. Endophytic Metarhizium robertsii promotes maize growth,
suppresses insect growth, and alters plant defense gene expression. Biol. Control 2020, 144, 104167. [CrossRef]

61. Ahmad, I.; Jiménez-Gasco, M.d.M.; Luthe, D.S.; Barbercheck, M.E. Endophytic Metarhizium robertsii suppresses the phytopathogen,
Cochliobolus heterostrophus and modulates maize defenses. PLoS ONE 2022, 17, e0272944. [CrossRef] [PubMed]

62. Hu, S.; Bidochka, M.J. Abscisic acid implicated in differential plant responses of Phaseolus vulgaris during endophytic colonization
by Metarhizium and pathogenic colonization by Fusarium. Sci. Rep. 2021, 11, 11327. [CrossRef]

63. González-Pérez, E.; Ortega-Amaro, M.A.; Bautista, E.; Delgado-Sánchez, P.; Jiménez-Bremont, J.F. The entomopathogenic fungus
Metarhizium anisopliae enhances Arabidopsis, tomato, and maize plant growth. Plant Physiol. Biochem. 2022, 176, 34–43. [CrossRef]

64. Murphy, B.R.; Martin Nieto, L.; Doohan, F.M.; Hodkinson, T.R. Profundae diversitas: The uncharted genetic diversity in a newly
studied group of fungal root endophytes. Mycology 2015, 6, 139–150. [CrossRef] [PubMed]
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