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A B S T R A C T

Pecan (Carya illinoinensis) is an important crop in the USA, which produces approximately 55% of the world’s
pecans. Several insect pests and various plant diseases reduce crop yield directly destroying nutmeats, or in-
directly through effects on foliage and shucks, reducing photosynthesis. Beauveria bassiana is a well-studied,
commercialized fungal entomopathogen that when applied inundatively is an effective biocontrol agent against
certain pecan pests. In addition to being used in inundative biocontrol, B. bassiana can exist as an endophyte in
many plant species and has been shown in some cases to reduce pest damage when present as an endophyte. The
potential for B. bassiana to exist as an endophyte in pecan had not been explored previously. We tested whether
B. bassiana could endophytically colonize pecan seedlings by seed soaking, seed coating and soil drenching.
Results indicated that B. bassiana became established in the roots, leaves and stems of pecan seedlings.
Establishment was verified using molecular techniques as well as completing Koch’s postulates on the re-isolated
fungus, infecting two susceptible insect hosts (Galleria mellonella and Tenebrio molitor) and a target pest (Curculio
caryae). Subsequently we explored whether the established endophytic fungus suppressed two pecan aphid
species. In a leaf-disc assay, populations of two pecan aphids (Melanocallis caryaefoliae and Monellia caryella)
were reduced when placed on leaves of pecan that were colonized endophytically with B. bassiana, relative to
control leaves. Our study demonstrates the ability to establish endophytic B. bassiana in pecan and the potential
to apply this capability in pecan pest management. Additional research is needed to determine the utility of the
endophytic approach against various insect and plant pathogens and to measure efficacy under field conditions.
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1. Introduction

Pecan, Carya illinoinensis is an important economic crop in the
United States of America (USA), with an estimated value of ca. $560
million and approximately 55% of the world’s production (Kim and
Dharmasena, 2018). Several insect pests and various plant diseases
reduce crop production potential directly destroying nutmeats, or in-
directly through effects on foliage and shucks, reducing photosynthesis
(Smith et al., 2019). The most important insect pests of pecan are: the
black pecan aphid, Melanocallis caryaefoliae (Davis) (Hemiptera: Aphi-
didae) together with other aphid species significantly reduce kernel
quality and greatly reduce the subsequent year's crop; pecan weevil,
Curculio caryae (Horn) (Coleoptera: Curculionidae), which can damage
up to 90% of nutmeats; and stink bugs (Hemiptera: Pentatomidae)
(Dutcher 1991; Shapiro-Ilan et al., 2013; Hatting, 2018).

The main pest control measure growers have relied on is application
of conventional pesticides at calendar intervals (Shapiro-Ilan et al.,
2013; Smith et al., 2019). The use of pesticides is discouraged due to the
development of resistance, chemical residues and the toxicity of pesti-
cides to other, non-target organisms and the environment (Lacey and
Georgis, 2012). The trend is for use of safer and more environmentally
benign products. The use of biological control products comprises an
important alternative to conventional pesticides. Foliar and/or soil
applications of fungal entomopathogens (e.g., Beauveria, Metarhizium,
Isaria, Lecanicillium and Hirsutella) have been used in an attempt to
manage agricultural insect pests (Skinner et al., 2014). A well-char-
acterized fungal entomopathogen is Beauveria bassiana (Bals.-Criv.)
Vuill. (Ascomycota: Hypocreales) (de Faria and Wraight, 2007). Al-
though B. bassiana is widely commercialized, its application is limited
by adverse environmental conditions including UV light, low moisture,
etc. (Wraight et al., 2007; Vega et al. 2012). Generally, inundative
application of biocontrol agents rely on the direct action of the released
agent without or with little secondary effect on successive pest gen-
erations (Vincent et al., 2007). As a result, much recent research is
aimed at introducing fungal entomopathogens as endophytes. Vega
(2018) reported that whereas five articles on endophytic fungal en-
tomopathogens were published between 1990 and 1999, there were 20
articles published between 2000 and 2009, and 60 between 2010 and
2018, thus showing an increased interest on this topic.

Fungal endophytes are defined as “fungi inhabiting plant tissues
without causing symptoms or harm in the host plant” (Wilson, 1995).
They have been demonstrated to protect plants against herbivorous
insects and plant pathogens (Jallow et al., 2004, 2008; Ownley et al.,
2008). Jaber and Ownley (2018) and Vega (2018) reviewed studies of
different fungal entomopathogens that can exist as endophytes and
suppress insect pests, plant pathogens, and act as growth promoters
with beneficial rhizosphere colonization in various plant species.
Beauveria bassiana has been successfully inoculated and established as
an endophyte in 25 different plant species, and has also been shown to
have activity against insect pests and plant pathogens (Vega, 2018).
These studies reported successful establishment of B. bassiana as an
endophyte by either seed treatment, soil application, direct injection
and/or roots drenching, with subsequent control of insect pests and/or
beneficial effects on plant growth.

To date, no study has determined whether fungal entomopathogens
can exist as endophytes in pecan trees, and suppress insect pests and
plant pathogens. If successfully established, endophytic B. bassiana has
potential to reduce the impact of pecan insect pests and plant patho-
gens, including species of aphids [black pecan aphid, blackmargined
aphid, Monellia caryella (Fitch), and yellow pecan aphid, Monelliopsis
pecanis (Bissell), pecan weevil and stink bugs.

The objectives of the current study were to determine: 1) whether B.
bassiana can colonize pecan seedlings from artificial inoculation by nut
soaking (wet or dry) and soil drench; 2) whether endophytic B. bassiana
cultured out from artificially inoculated pecan seedlings retains the
entomopathogenicity of the original inoculum; 3) whether the

established endophytic fungus is effective for suppression of pecan
aphids.

2. Material and methods

2.1. Source of fungal inoculum

Beauveria bassiana strain GHA (BotaniGard 22WP, 2×1013 viable
spores per pound) was purchased from Emerald BioAgriculture (Salt
Lake City, UT) and subcultured on Sabouraud dextrose agar with 0.2%
yeast extract (SDAY; Fisher Scientific, Waltham, MA) according to
procedures described by Goettel and Inglis (1997). The fungus was
cultured for 14–18 days, when conidia were harvested by scraping the
agar surface with a sterile spatula. Conidial concentrations were de-
termined using an improved Bright-Line™ Hemacytometer (Hausser
Scientific, Horsham, PA) and the suspensions were adjusted to 1× 108

conidia ml−1 in sterile distilled water containing 0.05% Silwet L-77
(Fisher Scientific, Waltham, MA) according to Parsa et al. (2013). For
all experiments, conidial viability was evaluated by taking a 100ml
sample of each inoculum, plating it on potato dextrose agar (PDA;
Difco, Sparks, MD), incubating at 25 °C for 24 h in the dark and asses-
sing germination under an Olympus BX51 light microscope (Olympus
Corporation, Center Valley, PA) by counting germinated spores from a
total of 100 randomly selected conidia. Conidia were deemed to have
germinated if the germ tube was at least twice the length of the conidia.
Only inocula with germination of ≥90% were used for the experiment.

2.2. Fungal inoculation of pecan nuts and seedlings

2.2.1. Nut sterilization prior to fungal inoculation
Nuts were surface sterilized according to Parsa et al. (2016). Briefly,

sixty to 100 nuts were surface sterilized by immersing in 0.05% Silwet
L-77, followed by immersion in 0.5% sodium hypochlorite, and finally
70% ethanol, for 2min each. The seeds were rinsed three times in
sterile distilled water in a laminar flow hood and allowed to dry on
sterile paper towels. The effectiveness of the seed surface sterilization
method was evaluated by plating 100 µl aliquots of the rinsate and
pressing and rolling individual nuts on PDA in 100× 15mm Petri
dishes. Plates were incubated at 25 °C for 10 d in darkness. The disin-
fection was considered successful if no microbial growth was observed
on the surface of the PDA. Nuts were discarded if any microbial growth
was observed.

2.2.2. Nut inoculation by soaking
Surface sterilized nuts were soaked for 24 h in 300ml of a suspen-

sion of B. bassiana strain GHA (1× 108 conidia ml−1 containing 0.05%
Silwet L-77), based on the method described by Castillo Lopez and
Sword (2015). Control nuts were soaked in sterile water. Beakers con-
taining the soaking nuts were placed in an incubator in the dark at 25 °C
until planting the following day. Nuts were planted in 15.2× 15.2 cm
plastic pots using sterilized soil (loamy sand; 84% sand, 10% silt, 6%
clay; 2.8% organic matter; pH=6.1) and were placed in a greenhouse
at 25 °C under natural light to allow germination and growth. There
were 16 replicates of each of the treated and control plants arranged in
a randomized block design.

2.2.3. Nut inoculation using dry conidia
Surface sterilized nuts were coated with B. bassiana strain GHA by

shaking them with dry conidia powder in a 200ml plastic cup on a
shaker (Fisher Scientific, Waltham, MA) at 80 rpm for 10min, ac-
cording to Cherry et al. (2004). Nuts were planted as described above,
with 16 replicates of each of the treated and control plants arranged in a
randomized block design.

2.2.4. Nut inoculation by soil drenching
Inoculation followed a procedure adapted from Greenfield et al.
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(2016). A total of 16 nuts for each of the treatment and control were
planted in pots as described above. Each pot was drenched with 300ml
of B. bassiana strain GHA (1x108 conidia ml−1 suspension containing
0.05% Silwet L-77) applied to the soil surface at 7, 14, or 21 days post-
planting. Control plant pots were inoculated with 100ml of sterile
distilled water containing 0.05% Silwet L-77. The plants were arranged
in the greenhouse in a randomized block design.

2.3. Assessment of colonization in plants inoculated with B. bassiana by re-
isolation and in vitro culturing

Sixty days post inoculation, four pecan seedlings from each treat-
ment and the controls were sampled for assessment. Plant were
asymptomatic, and leaves, stems and roots were sampled on each re-
plicate plant. Colonization was assessed according to Posada et al.
(2007). Plant parts were washed in running tap water and sectioned
into small pieces (ca. 3 cm) using a sterile scalpel. Under the laminar
flow hood, leaves, stems and roots were surface-sterilized separately by
immersion in 0.5% sodium hypochlorite for 2min, followed by im-
mersion in 70% ethanol for 2min (Arnold et al., 2003) and rinsing in
sterile distilled water three times. Samples were surface-dried on sterile
paper towel. The cut ends were trimmed off, and the samples were
further cut into CA. 4mm pieces. Five pieces were plated on PDA
(Difco, Sparks, MD) and also plated on Doberski and Tribe medium
(Doberski and Tribe, 1980). Cultures were incubated at 25 °C for
21 days in the dark. Colonization was assessed on every plant by pre-
sence or absence of typical mycelial growth of B. bassiana.

2.4. Molecular assessment of plant colonization by B. bassiana

2.4.1. DNA extraction from plant samples and fungal re-isolates
Samples of the pecan plant tissues were collected from a selection of

the pecan seedlings as described above. The plant samples, together
with corresponding B. bassiana cultures on PDA (re-isolated from the
different plant parts) were subjected to molecular diagnosis to confirm
the identity of B. bassiana. DNA extracted from the commercial B.
bassiana strain GHA grown on PDA was used as a positive control. Plant
sample material (100–200mg) was finely cut and placed in 2ml mi-
crofuge tubes and stored at −80 °C overnight. A Genogrinder (Thomas
Scientific, Swedesboro, NJ) was used to grind samples at 1750 rpm for
three minutes. DNA was extracted from the sample using a ZR Fungal/
Bacterial DNA MinPrep Kit (Zymo Research, Irvine, CA) following the
manufacturer’s protocol. A 100–200mg sample was used to isolate DNA
of the corresponding in vitro cultured isolates and the commercial
product culture. Sterile distilled water was used as a blank control to
check for contamination in the samples. The DNA samples were stored
at −20 °C until they were processed for PCR.

2.4.2. PCR amplification
Beauveria bassiana DNA was detected using a PCR Phire kit (Thermo

Fisher Scientific, Waltham, MA) and following the protocol described
by Landa et al. (2013). Oligonucleotide primer pairs ITS1F (5′ CTTGG
TCATTTAGAGGAAGTAA3′) (Gardes and Bruns, 1993) and ITS4 (5′
TCCTCCGCTTATTGATATGC 3′) (White et al., 1990) were used for the
first stage amplification and primers BB.fw (5′ GAACCTACCTATCGTT
GCTTC 3′) and BB.rv (5′ ATTCGAGGTCAACGTTCAG 3′) (Landa et al.,
2013) were used for the second stage amplification. PCR products were
run on an agarose gel, stained with gel red (Biotium, Inc., Fremont, CA)
and viewed under UV light. An All-Purpose Hi-Lo DNA Marker (Bio-
nexus, Oakland CA) was used as a marker to visually estimate amplicon
size. Samples with amplicons of the correct size were sequenced at the
Genomics Core Laboratory of the University of Kentucky Chandler
Hospital (Lexington, KY) using Sanger sequencing and the resulting
sequence aligned using the BLAST tool on GenBank (National Center for
Biotechnology Institute, National Institute for Health, Bethesda, MD) to
confirm identity. The chromatographs were viewed and edited as

needed using Chromas (Technelysium Pty Ltd, QLD, Australia).

2.5. Pathogenicity of the re-isolated fungus against insect pests

2.5.1. Koch’s postulates
Fungal colonies obtained from re-isolated B. bassiana strain GHA

from inoculated plant material were subcultured onto Doberski and
Tribe medium to satisfy the re-isolation stage of Koch’s postulates (Vega
et al., 2012), and for subsequent DNA extraction for molecular con-
firmation of re-isolation. Individual cultures were established and
grown for 14 days at 25 °C in the dark. Two model susceptible host
insects were used to verify pathogenicity of the re-isolated fungus: the
yellow mealworm, Tenebrio molitor L. (Coleoptera: Tenebrionidae), and
the greater wax moth, Galleria mellonella (L.) (Lepidoptera: Pyralidae).
Beauveria bassiana strain GHA was cultured under the same conditions
for comparison with the endophytic B. bassiana. Larvae (10) of T. mo-
litor were released onto the PDA plates containing the colonies of B.
bassiana and allowed free movement for 15min to ensure inoculation
with the fungus. Larvae were removed and incubated in 90mm Petri
dishes lined with moistened Whatman No. 1 filter paper (Fisher Sci-
entific, Waltham, MA) at 25 °C for seven days. The same procedure was
followed for bioassays using larvae of G. mellonella purchased from
Vanderhorst Wholesale, Inc. (St. Marys, OH). Controls consisted of
larvae placed on PDA before incubating them as described above. There
were five replicates and the experiment was repeated once using a
different batch of fungal inoculum. Mortality of the larvae was recorded
seven days post inoculation.

2.5.2. Pathogenicity against the pecan weevil
This bioassay was conducted to establish whether C. caryae (target

pest) is susceptible to re-isolated B. bassiana parasitism. C. caryae larvae
were allowed to burrow individually in 20 g of autoclaved, oven dried
loamy sand soil brought to 16% field capacity in 50ml plastic cups. The
sand was moistened with 2.2 ml water, and inoculated separately with
1ml of 4× 106 conidial suspensions (in sterile distilled water con-
taining 0.05% Silwet L-77) obtained from cultures of B. bassiana from
either the plant material, from G. mellonella cadavers, or from B.
bassiana strain GHA (prepared as described previously) and incubated
at 25 °C for 21 days in the dark. The experiment was repeated (Trial 2)
with different batches of fungal inoculum, with four and three re-
plicates (seven larvae per replicate) in Trial 1 and Trial 2, respectively.
Larval mortality was assessed 21 days post-inoculation.

2.6. Leaf-disc assay of endophytic B. bassiana against two pecan aphid
species

Two trials were conducted to determine whether endophytic colo-
nization of pecan seedlings by B. bassiana resulted in reduced popula-
tions of pecan aphids. Trials were conducted based on Shapiro-Ilan
et al. (2008). The first trial was performed using M. caryaefoliae and the
second trial using M. caryella. Prior to the test, all the plants chosen for
the endophytic treatment were confirmed to still have endophytic B.
bassiana presence in leaves based on the procedures described above in
Section 2.3. Pecan (cv. Desirable) seedlings inoculated using the drench
method and the dry method were included in each test. Plants were
chosen randomly based on availability. Once the plant was positive for
endophytic presence we did not consider the original method of in-
oculation to be of consequence; indeed, the lack of effects of inoculation
method on virulence was confirmed in an earlier part of our study (see
Results Section 3.3.). The seedlings were inoculated in the summer of
2017, retained in a pecan orchard at Byron, GA until October 2018,
when they were returned to the greenhouse.

Five pecan leaf discs (2 cm diam) from each inoculation method or
the control plants (without endophytic B. bassiana) were placed in
100mm diam Petri dishes half-filled with 1.5% sterile water agar. Two
aphids per leaf disc, ten aphids per plate were added. The plates were
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incubated under natural light at room temperature (ca. 22 C ± 1 °C).
After 5 days, the number of surviving aphids was recorded. In each trial
(i.e., different aphid species), there were 12 replicate seedlings for each
method of inoculation (drench and dry) and the controls.

2.7. Statistical analysis

To test for homogeneity of the inoculation method (control, drench,
dry or soak) versus plant part (root, stem or leaf), scores (0= absent or
1= present) were summarized in a frequency table. Pearson’s Chi-
Square (Lombard et al., 2011) and Monte Carlo’s exact test (Besag and
Clifford, 1989) were used for testing of independence.

The results from the Koch’s postulates tests and the pecan weevil
study were subjected to an analysis of variance (ANOVA) with fungal
inoculum source as the main factor. The standardized residuals were
normally distributed (Shapiro-Wilk test) and therefore the means of the
significant mortalities were separated using Fisher’s unprotected t-test
(least significant difference; LSD) at α=0.05 (Snedecor and Cochran,
1980).

The effect of endophytic colonization method (drench vs. dry) of
pecan by B. bassiana for the trials with the two pecan aphid species (M.
caryaefoliae and M. caryella) was first explored using a two-way ANOVA
to determine whether there were differences due to inoculation method
within aphid species (P=0.1747 and 0.6799, respectively). As there
was no effect of inoculation methods, data were combined for analysis
(within aphid species). The number of surviving aphids was compared
between endophyte seedlings and the control using t-tests. Based on
residual plots, data were square-root transformed prior to analysis;
models were chosen based on goodness of fit and residual diagnostics
(Southwood, 1978; Steel and Torrie, 1980). All analyses were per-
formed using SAS Version 9.4 (SAS Institute Inc., 2016).

3. Results

3.1. Assessment of colonization in plants inoculated with B. bassiana by re-
isolation and in vitro culturing

The three different inoculation methods all resulted in seedlings that
tested positive for endophytic B. bassiana (Figs. 1 and 2). The fungus

was recovered in either leaves, stems or roots. While a significant dif-
ference (Chi-Square value= 20.4; df= 3; P=0.0001) was observed in
terms of inoculation method (wet seed soak=50 ± 27%, dry
coating= 16 ± 9% and soil drench= 45 ± 21%), there was no sig-
nificant difference (Chi-Square value= 2.825; df= 6; P= 0.830) for the
recovery of the fungus from different plant parts (Leaf= 50 ± 20%,
stem=34 ± 12% and roots= 29 ± 8%). There was no recovery of B.
bassiana in any of the control plants.

3.2. Molecular assessment of plant colonization by B. bassiana

The PCR amplification was consistent in generating an amplicon of
the appropriate size (464 bp), specific for B. bassiana in all five repeats
only for the positive control. The sample of pith from the plants re-
ceiving the drench treatment also produced an amplicon indicating
presence of B. bassiana. No other samples produced an amplicon of the
appropriate size. Sequencing confirmed the identity of the amplified
fragment in the positive control and the sample of pith from the drench
treated plant materials as B. bassiana. Alignment against previously
characterized sequence of B. bassiana on GenBank was 100% (against
accession MH483713.1). Samples which received inoculation by
drenching or by dry inoculation produced amplicons unreliably, but of
approximately the appropriate size (441 bp). Based on sequencing, they
were identified as Fusarium equiseti (Corda) Sacc. (Ascomycota:
Hypocreales) with 99% homology (against accession MF380754.1). All
samples isolated from the various plant parts and grown on PDA were
confirmed as B. bassiana based on amplicon size.

3.3. Pathogenicity of the re-isolated fungus against insect pests

3.3.1. Koch’s postulates
Re-isolated samples from endophytically colonized seedlings using

the three inoculation methods were confirmed to be pathogenic to both
T. molitor and G. mellonella. There were no significant differences in
virulence of the re-isolated fungi (Soak, Dry and Drench treatments)
against the two species (Fig. 3). However, percentage mortality of the
endophytic B. bassiana was significantly lower (F= 13.0; df= 4;
P < 0.0001) when compared to that of B. bassiana strain GHA when
using T. molitor in the bioassay. With G. mellonella, there were no dif-
ferences in virulence among isolates obtained from the seedlings in-
oculated using the three different methods, or when comparing the re-
isolated strain with B. bassiana strain GHA, with mortality con-
sistently > 60%. However, control mortality was significantly lower
than all the treatments (F= 14.9; df= 4; P < 0.0001).

3.3.2. Virulence against the pecan weevil
Endophytic B. bassiana re-isolated from the plant material was pa-

thogenic against C. caryae (Fig. 4). Mean percentage mortality of C.
caryae as a result of infection from the re-isolated endophytic B.
bassiana vs. that produced in G. mellonella infected hosts was compar-
able but differed significantly from the mortality in the control

Fig. 1. Mean plant colonization representing by cumulative number of positive
samples from different tissue types (roots, stem and leaves) per inoculation
method. The numbers are mean percentage colonization (small bubble= 0)
post-inoculation with Beauveria bassiana strain GHA using three different in-
oculation methods (wet seed soak, dry coating and soil drench).

Fig. 2. An example of endophytic Beauveria bassiana growing out of plant tissue
from a pecan seedling (specifically from a portion of a surface-sterilized leaf).
The medium for fungal growth is potato dextrose agar.
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(F= 4.9; df= 3; P= 0.003). Virulence as measured by percentage
mortality for both plant and insect derived inoculum were similar to the
commercial B. bassiana strain GHA.

3.4. Leaf-disc assay of endophytic B. bassiana against two pecan aphid
species

Populations of both aphid species were reduced significantly as a
result of being placed on leaf discs from pecan seedlings endophytically

colonized with B. bassiana (Fig. 5). Mean survival of aphids in treat-
ments was significantly lower when compared to survival of aphids
placed on control leaf discs (from seedlings not inoculated with B.
bassiana) (T= -6.2; df= 33.3; P < 0.0001 for M. caryaefoliae, and
T=−2.5; df= 10; P=0.03 for M. caryella).

4. Discussion

We have demonstrated that endophytic colonization of pecan
seedlings with B. bassiana strain GHA is possible using artificial in-
oculation. Compared to herbaceous annuals, reports of fungal en-
tomopathogen endophytism in woody perennials is uncommon. Fungal
entomopathogen endophytism has been reported in American horn-
beam (Bills and Polishook, 1991), cacao (Posada and Vega, 2005), date
palm (Gómez-Vidal et al., 2006, 2009), coffee (Posada et al., 2007),
pine (Reay et al., 2010; Brownbridge et al., 2012; Lefort et al., 2016),
grapevine (Jaber, 2015; Rondot and Reineke, 2018), rooibos (Aspa-
lathus linearis; Hatting, 2017) and horse-chestnut (Barta, 2018).

Although inoculation was restricted to seeds and roots in our study,
B. bassiana endophytism was confirmed in surface-sterilized roots,
stems and leaves. Fungal re-isolation from plant tissue samples distal to
the point of inoculation (e.g., seed) is probably an indication of vertical

Fig. 3. Virulence comparison of Beauveria bassiana strain GHA with endophytic
isolates of B. bassiana re-isolated from colonized plants and screened against
Tenebrio molitor (A) and Galleria mellonella (B) seven days post-inoculation
under laboratory conditions. Standard error bars are indicated. Means with the
same lowercase letter indicate no significant difference based on an unprotected
Fisher’s LSD (α=0.05).

Fig. 4. Mean percentage mortality of Curculio caryae 21 days post-inoculation
with (1) a commercial product-derived strain (GHA) of Beauveria bassiana, (2)
an isolate from a GHA-infected cadaver of Galleria mellonella and (3) an isolate
of B. bassiana (GHA) growing endophytically in pecans. Standard error bars are
indicated. Means with the same lowercase letter indicate no significant differ-
ence based on an unprotected Fisher’s LSD (α=0.05).

Fig. 5. Cumulative mean survival of the aphid species (A) Melanocallis car-
yaefoliae and (B) Monellia caryella five days post-incubation following exposure
(for feeding) to pecan leaf discs colonized by endophytic Beauveria bassiana.
Standard error bars are indicated. Means with the same lowercase letter in-
dicate no significant difference based on t-test.
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transmission within the host (Shahzad et al., 2018; Vega 2018). This
phenomenon has been reported, not only in annuals like opium poppy
(Papaver somniferum, Quesada-Moraga et al., 2014) and wheat (Triticum
aestivum, Sánchez-Rodríguez et al., 2018), but also in the woody per-
ennial Pinus radiata (Lefort et al., 2016). Beauveria spp. are natural
endophytes in Pinus spp. (Ganley and Newcombe, 2006; Reay et al.,
2010), yet such association is still to be confirmed in pecan. From an
IPM perspective, however, endophytic establishment of B. bassiana by
means of seed soaking (yielding 50% recovery in our study) seems
feasible. This notion is supported by Brownbridge et al. (2012), re-
porting successful inoculation of B. bassiana into P. radiata via seed
coating or root dipping.

The successful establishment of B. bassiana strain GHA in pecan
seedlings was confirmed by bioassay (Koch’s postulates) and molecular
methods. The amplicons produced using the diagnostic primers in-
dicated that B. bassiana had become endophytic, which was confirmed
by sequence identity. This further supports the results from culturing
surface sterilized plant material, from which B. bassiana strain GHA was
re-isolated and we concluded that it was growing endophytically in
pecan. Furthermore, those samples isolated from the plant and grown
on PDA (and completing Koch’s postulates) were confirmed as B.
bassiana, with the amplicon size confirming the identity. However,
detection of the amplicon was not entirely consistent for all samples,
although sequencing did confirm that B. bassiana was present in at least
some of these samples. The molecular tests did not detect B. bassiana in
the roots, even though the fungus was isolated from roots when grown
on PDA, fulfilling Koch’s postulates. Roots may contain a very low titer
of B. bassiana that precluded detection. Furthermore, pecan contains
many secondary compounds that could inhibit PCR reactions, or at least
affect their reliability. Previous work has acknowledged the inhibitory
effects of secondary compounds on PCR in some plant species (Healey
et al., 2014), and pecan is known to contain various phenolics and
tannins (Diehl et al., 1992). Furthermore, the concentration of B.
bassiana DNA might be expected to be very low in direct extractions
from the pecan host tissue. This would further reduce the likelihood of
reliable amplification. Previous reports have based identification of
endophytic B. bassiana on recovery of the strain using fungus isolated
from plant material and grown on media (Larran et al., 2002; Posada
and Vega, 2005; Posada et al., 2007; Vega et al., 2008; Jaber and
Enkerli, 2016). To overcome the problem of potential interference with
potentially inhibitory compounds in the roots, the pure, isolated fungal
colonies were used to confirm that the fungus that was isolated from the
roots was B. bassiana based on amplicon size. All isolates were positive.

An amplicon of very similar size to that of B. bassiana was observed
in some samples. Upon sequencing, it was determined to be F. equiseti.
The amplicon could easily be confused with that of B. bassiana. The
confirmation of DNA sequence of F. equiseti in some of these samples
bears out the report of this fungus associated with pecan seed in Brazil
and to be pathogenic to pecan seedlings (Lazarotto et al., 2014). It is
also noteworthy as it is a species of Fusarium known to produce my-
cotoxins, which might contaminate pecan nutmeats.

On re-isolation of the fungus, all three inoculation methods yielded
cultures that produced conidia that were pathogenic to the three insect
species screened (C. caryae, G. mellonella and T. molitor). For T. molitor,
virulence of the re-isolated fungus appeared lower than in the original
population that did not pass through the plant, yet no differences were
detected for the other insect hosts. This indicates that virulence of en-
dophytic fungi relative to the original population may vary across hosts
(indeed preliminary data also shows that the virulence of plant-pas-
saged fungi can increase relative to the original population, un-
published data). Importantly, passaging-through and re-isolation of B.
bassiana strain GHA from an insect versus a plant host, did not affect
virulence to a target pest, C. caryae larvae. Our results concur not only
with those of Barta (2018), but also with data against another curcu-
lionid, the banana weevil Cosmopolites sordidus (Coleoptera: Curculio-
nidae) (Akello et al., 2010). These authors reported no differences in

colony appearance, growth rate or virulence between endophytic and
wild-type isolates of B. bassiana strain G41. Although in planta tests
against nut-feeding larvae of C. caryae have not yet been performed,
further research on vertical translocation of B. bassiana in pecan is
warranted.

Endophyte activity against sap-feeding aphids has also been re-
ported in various crops (Gurulingappa et al., 2010; Akello and Sikora,
2012; Castillo Lopez et al., 2014). Survival of both aphid species, M.
caryaefoliae and M. caryella, was reduced when exposed to leaf discs of
pecan from seedlings endophytically colonized with B. bassiana. Based
on this observation, we contend that pecan seedlings or mature trees
colonized endophytically with B. bassiana may have reduced popula-
tions of aphids, as well as other insect species associated with the tree
(e.g., C. caryae and stink bugs). Although pecan cultivation in South
Africa remains largely unchallenged by the principal (exotic) pecan
pests occurring in the US (Hatting et al., 2019a; Hatting, 2018), en-
dophytic protection against the yellow pecan aphid, fig-tree borer,
Phryneta spinator (Coleoptera: Cerambycidae), chafer, Anomala ustulata
(Coleoptera: Scarabaeidae: Rutelinae), mottled stink bug, Pseudatelus
raptorius (Hemiptera: Pentatomidae) and/or African bollworm, Heli-
coverpa armigera (Lepidoptera: Noctuidae), is being explored (Hatting,
unpublished data); with at least five commercial products available on
the local market (Hatting et al., 2019b). In addition to suppressing in-
sect pests, endophytic B. bassiana is known to suppress plant pathogens,
including Pythium spp. causing damping-off in cotton (Griffin et al.,
2005; Griffin, 2007), Rhizoctonia solani causing damping- off in tomato
(Ownley et al., 2008), zucchini yellow mosaic virus in squash (Jaber
and Salem, 2014) and Plasmopara viticola causing downy mildew in
grapevines (Jaber, 2015). Therefore, it is conceivable that endophytic
B. bassiana will provide benefits reducing severity of fungal diseases of
pecan, including Venturia effusa (pecan scab), Glomerella cingulata (an-
thracnose) and Phytophthora spp.

Pecan trees are established in the field as seedlings, so endophytes
could be introduced prior to planting. If an established endophyte can
persist in pecan trees without loss of activity, endophytes may provide
protection against insect pests and plant diseases for extended periods
given the lifespan of a pecan tree is ca. 50 years (Payne, 2005). To date
we have documented endophytic activity in pecan seedlings for> 1.5
years (Shapiro, unpublished data).

5. Conclusions

To our knowledge, this is the first report of successful inoculation of
a fungal entomopathogen as an endophyte in pecan seedlings.
Moreover, our trials demonstrated that endophytic B. bassiana, re-iso-
lated from the host plant, retained its pathogenicity against the pecan
weevil, C. caryae. Similarly, endophytically-colonized leaves had a ne-
gative impact on the survival of two aphid species (M. caryaefoliae and
M. caryella). Future studies will focus on tracking persistence of the
endophyte over time and determining other benefits in insect pest and
plant disease management, as well as the impact on tree growth.
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