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Simple Summary: Microbial pest control offers promising opportunities to develop sustainable
alternatives to synthetic chemical insecticides. In Brazil, the selection of native strains of ento-
mopathogenic fungi suggests an option for South American palm weevil (Rhynchophorus palmarum,
SAPW) management and potential tools for red palm weevil (R. ferrugineus, RPW) management.
Both weevils in America are susceptible to the native isolates of Beauveria bassiana, CVAD01, CVADO02,
CVADO6, and CPATC/032, which originate from palm orchard soils and infected SAPW adults in
northwestern Brazil’s Alagoas state. The SAPW mortality rates in our study were 90 and 100% on day
21, suggesting the efficacy of these strains that are well-adapted to the environment and to the pest.
We suggest both the development of formulates for microbiological insecticides against R. palmarum
and future tests on R. ferrugineus.

Abstract: Both palm weevils, the South American (Rhynchophorus palmarum) (SAPW) and the red
palm weevil (R. ferrugineus, RPW), are present in South America, affecting commercial, ornamental,
and native palms. These pests oviposit and thrive on selected Arecaceae. R. palmarum mainly infests
coconut (Cocos nucifera), oil palms (Elaeis guineensis), and other ornamental and native palms in
America, causing a significant social impact on growers. The weevils fulfill a significant ectosymbiotic
macro- and microorganism role in the first period of larval development, worsening the damage
which, during this period, is not yet apparent. Palm protection in the Brazilian context suggests
the use of indigenous agents for microbiological biocontrol. This research identifies three Brazilian
Beauveria bassiana isolates: CVADO1, CVADO02, and CVADO6. The results suggest that the strain’s
impact on R. palmarum can also be compared with that of the commercial strain Beauveria bassiana.
Phylogenetic analysis allowed the delimitation of species of Beauveria (Hypocreales). Pathogenicity
tests caused significant mortality in R. palmarum. The isolates CVADO01, CVADO02, and CVADO6
showed high pathogenicity between 7 and 21 days, with mortality rates between 90 and 100%,
suggesting that they may be effective biological control agents of R. palmarum in the field when used,
within available means, to mitigate the impact of R. palmarum and R. ferrugineus in South America.
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1. Introduction

The coconut, Cocos nucifera (L.), and Arecaceae originate in central Malesia and the
southwest Pacific [1] and have been spreading to the Neotropics by way of trade and culti-
vation. Coconut has now rapidly spread along the Brazilian northeastern coast region, as
this region presents favorable edaphoclimatic characteristics for its cultivation; in addition,
the ecosystem presents few possibilities for other commercial holdings. Thus, coconut
holds a tremendous social significance for the area, constituting a basis for handcrafts and
for the raw material needed for the cosmetics and food industry and finding use in the
construction of houses. Fresh coconut’s use in traditional practices and its generation of
employment and income opportunities for communities also constitute activities of social
significance [2,3].

The incidence of insect pests and diseases is the main limitation on the production
of coconut. Pests affect the plant from seedling to adult stages, affecting production [4].
Rhynchophorus palmarum (Linnaeus, 1758) (SAPW) causes significant losses to producers
due to the larvae’s cryptic habit of tunnelling inside the palm stipe. SAPWs are difficult to
control. South American palm weevil is the main pest in the region of Alagoas and is the
vector responsible for the transmission of the nematode Bursaphelencus cocophilus (Cobb)
Baujard (Parasitaphelenchidae), the causative agent of a red-ring-like disease in palms [5].

The geographical distribution of SAPW encompasses the American continent from
Argentina to California and includes the Central American Antilles (EPPO, 2020). In
addition, SAPWs have been reported in all of the Brazilian areas of commercial palm
production. SAPW causes relevant economic damages in coconut plantations (Cocos nucifera
L.) and oil palm (Elaeis guineensis Jacq.) plantations [6].

Adults SAPWs are black; a reddish atypical chromatic natural polymorphism can also
be found [7]. Adults measure between 35 and 60 mm; their snouts demonstrate sexual
dimorphism. The male snout is straight and stout, showing a brush-like series of seta on
the fronto-clypeal region, while the female rostrum is slender, devoid of seta, and slightly
dorso-ventrally arched [8].

Among the different techniques used to mitigate the damage caused by R. palmarum,
synthetic chemical control is frequently applied but is less effective than needed for pest
management. The traditional approach consists in uprooting and burning infested palms,
which reduces infestation but results in intense environmental impact in the emission of
greenhouse gases and waste management. Rhinchophorol aggregation pheromone, in
combination with pieces of sugarcane, can help [9-11] in mass trapping programs.

Before applying a general pest management strategy for control, usually chemical
control, an on-site survey should work to explore and identify new promising microbial
agents [12]. Species of entomopathogenic fungi with significant potential for inclusion in
bioinsecticides may already be living in the available environment [13-15]. For [16-18], na-
tive EF can serve as biopesticides with which to control insects of the genus Rhynchophorus,
thus minimizing synthetic insecticide impact. The criteria for selecting isolates for bio-
control purposes are the insect mortality rates observed in bioassays and efficient conidia
production in culture medium [19,20].

Different techniques can help identify EF; among these, the morphological taxonomic
technique facilitates the scrutiny of pathogenicity tests [21]. Later, molecular approaches
resulted in more precise strain identification for industrial mass production of a native
EF-specific strain. The advancement of molecular techniques, especially those based on
DNA analysis by polymerase chain reaction (PCR), has allowed the development of fast,
accurate, and applicable methodologies for many samples, allowing the detection and
identification of different fungi [22,23]. In this sense, DNA profiles have been used as
powerful and sensitive tools with which to accurately identify fungal isolates that infect a
host population [24]. Molecular techniques are helpful tools in the study of the phylogenetic
identification of fungi, being necessary for the sequencing of several specific regions for
species identification [23,24].
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Among the molecular markers, the internal transcript spacer (ITS) region is commonly
used for the phylogeny of entomopathogenic fungi. Nuclear markers have highly conserved
sequences [23] and translation elongation factor-1c (x-TEF) can aid in differentiation at the
level of species [23]. Therefore, the present study aimed to characterize the genetic diversity
of native entomopathogenic fungi that infect R. palmarum and verify the pathogenicity of
these isolates to R. palmarum, suggesting that they may also serve to control R. ferrugineus.

2. Material and Methods
2.1. Study Site

The four sampling sites in this study were coconut plantations at Sao José Farm in the
town of Coruripe, Alagoas. Point “A” is located at 10°08'30.5” S, 36°12/07.4" W; this location
is named “hybrid coconuts” or “giant coconuts” and comprises 5 hectares, producing
3000 fruits per month. Areas “B” (10°08'26.4” S, 36°12/08.3" W) and “C” (10°08'36.0” S,
36°12/05.6"” W), with green dwarf coconuts on 7 hectares each, produce 7000 to 8000 green
fruit per month. All of the plantations were exclusively dedicated to the commercial
production of coconut water. A total of 100 samples of insects with symptoms of fungal
infection underwent the sampling methodology [13] and were incubated in moist chambers
at 28 £ 1 °C to promote fungal development [21]. The isolates were classified as CVADO1,
CVADOQO?2, and CVADO06, according to the areas in which they were collected (Suplementary
Figure S1; Table 1).

Table 1. Names and origins of the entomopathogenic fungal isolates used in this study.

Isolate Name

Insect Species

Source of Isolation

Origin

Geographic Location

CVADO1
CVADO02
CVADO06
B. bassiana
CPATC/032
B. bassiana (®)

R. palmarum
R. palmarum
R. palmarum

R. palmarum

Not applicable

Adult
Adult
Adult

Adult
Not applicable

Coruripe, Alagoas, Brazil
Coruripe, Alagoas, Brazil
Coruripe, Alagoas, Brazil
Embrapa Tabuleiros
Costeiros, SE, Brazil
Not applicable

10°08/30.5" $ 36°12/07.4"” W
10°08'26.4" S 36°12/08.3"” W
10°08'36.0"” S 36°12'05.6” W

Not applicable
Not applicable

2.2. Morphological Characterization of Native Entomopathogenic Fungi

Morphological identification was carried out during microculture fungi growth [25,26].
Thalli macroscopic analysis considered primary isolation growth speed, recto and verso
color, mycelium topography, and texture. Microscopic identification was carried out with
a Zeiss Stemi 305 CAM digital stereo zoom microscope and photomicrography, verify-
ing the presence of septa, conidiophores, and phialides, the fungal structures used for
taxonomic identification of native EF isolates. A fungal key [27] was used for insect
pathogen identification.

2.3. Isolation of Entomopathogenic Fungi from Rhynchophorus palmarum

The three fungal isolates from SAPWs in Coruripe-Al, Brazil, had been previously
identified as CVADO1, CVADO02, and CVADO06. Beauveria bassiana CPATC /032 (Embrapa,
Coastal Tablelands) and a commercial isolate of B. bassiana® served for control for the
bioassays of pathogenicity and mortality analysis (Table 1).

The EF from R. palmarum—CVADO01, CVADO02, and CVADO6—were isolated from in-
fected weevils by surface-sterilizing the insect-invaded fungal area with surface-sterilizing
agents (HgCl, (0.1%)/NaOCl (2%)). Then, to isolate the strains, the isolates were grown
on the vegetative structures of the fungus on a sequence of PDA medium (potato dextrose
agar) in Petri dishes at 25 °C for 20 days. After growth and sporulation, the isolates were
used to reinfect the R. palmarum adult to verify Koch’s postulates. Then, we isolated the
pathogen, multiplied it, and identified the organism responsible for the disease (the isolate
was purified three different times) [28].
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2.4. Insect Pathogenicity Bioassay

A sterile scalpel collected fungal propagules from the Petri dishes for suspension
in sterile water with 5 mL/L of Tween 80 and test tube transfer. A Neubauer chamber
with a double mirror allowed spore counting up to 10° spores/mL. R. palmarum adults
were soaked in 20 mL for two cycles of three seconds each. The same technique, without
conidia, served for the control. After soaking, each weevil was placed in a sterile plastic
flask with a filter paper floor and sugarcane food chips. All of the flask-related items were
tested via separate plating on nutrient agar, a basic culture medium commonly used for
the culture of entomopathogenic fungi, to ensure that they were fungus-free. Then, flasks
were scrutinized on a daily basis until the weevil’s death. Soon after death, we washed
and rinsed each weevil, first in 70% (v/v) EtOH and then in sterile water. Subsequently,
the weevils were isolated in moist chambers. We waited for fungal growth to develop,
confirming the cause of death of the weevil. Dead insects were moved daily, with a distilled
water-moistened cotton swab, to sterile plastic boxes and placed into a thermo-refrigerated
cabinet (TRC) with temperature, humidity, and photoperiod control. The experiments
were conducted in air-conditioned rooms and in (TCR) 5 + 2 °C, 70 + 10%, and 12 h
of photophase.

During the experiment, at intervals of 7, 14, 21, and 28 days, the (%) mortality of the
treatments was calculated and corrected for the control according to the formula established
by Shneider-Orelli (1947): M (%) = (M — Mcontrol) /(100 — Mcontrol)) x 100.

2.5. DNA Extraction and PCR Amplification

Seven-day-old PDA cultures at room temperature offered mycelia for DNA extraction
and amplification, following the modified protocol [29]. The crushed mycelium were placed
in 1.5 mL microcentrifuge tubes. Then, 1 mL of extraction buffer hexadecyltrimethylammo-
nium bromide (CTAB) 4% (CTAB, 4%; NaCl, 1.4 M; EDTA, 20 mM; Tris-HCI, 100 mM; PVP,
1%) and 4 pL of 3-mercaptoethanol (0.1% v/v) were added. The mixture rested for 30 min
at 65 °C in a water bath. Then, the mixture was centrifuged for 15 min at 12,000 rpm. The
supernatant was placed in a new tube and then diluted with 600 uL of ASD (chloroform:
isoamyl alcohol 24:1) and 40 pL of 10% CTAB heated to 65 °C. After centrifugation, the
aqueous phase was placed in a new tube with 400 pL of absolute EtOH. DNA was pre-
cipitated, washed with 70% EtOH, and dried at room temperature before resuspension in
40 puL of TE (Tris-EDTA: Tris-HCl, 10 mM; EDTA, 1 mM) + RNAse (10 pg/mL). Agarose
gel (0.8%), ethidium bromide, and UV light allowed visual estimation of DNA quality of
the mixture stored at —20 °C.

PCR amplification of the ITS region was conducted using the primer sets ITS1 forward
(5'TCCGTAGGTGAACCTGCGG3), ITS4 (5 TCCTCCGCTTATTGATATGC3'), EFI-n8F
(5’'CATCGAGAAGTTCGAGAAGG3'), and EFI-986R (5 TACTTGAAGGAACCCTTACCS3').
A total volume of 30 pL was processed. The final reaction volume obtained, as mea-
sured with autoclaved Milli-Q water, was 60 puL. An Applied Biosystems thermocycler
(2720 Thermal Cycler) ran the following PCR reactions for ITS: the protocol described below
was used for 1 cycle at 94 °C for 2 min (initial denaturation), 35 cycles at 94 °C for 45 s
(denaturing), 55 °C for 30 s (annealing), 72 °C for 35 s (extension), and, finally, for 1 cycle
at 72 °C for 10 min [29]. For TEEF, the following conditions were applied: 95 °C for 8 min,
35 cycles at 95 °C for 15 s, 55 °C for 20 s, 72 °C for 60 s, and, finally, 1 cycle at 72 °C for
5 min [30]. Electrophoresis was then applied to the amplified mixture in 1.5% agarose gel.
Then, ethidium bromide staining and UV light observation (Macrogen Inc., Seoul, Republic
of Korea) were used to sequence the amplified PCR products.

2.6. Data Editing and Phylogenetic Analysis

The nucleotide sequences were aligned with the CodonCode Aligner version 11.0
software (CodonCode Corporation, Dedham, MA, USA), and sense and antisense se-
quences comparison analysis was used to correct nucleotide positions in ambiguous se-
quences. The BLASTn algorithm [31] produced the initial analyses in the GenBank database
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https:/ /www.ncbi.nlm.nih.gov/genbank/ (Last accessed on 26 December 2023), the same
repository offered reference sequences, used for the phylogenetic tree reconstruction, for
several species of the genus (Supplementary Table S1).

MEGA X [32] was used to obtain multiple alignments for the nucleotide sequences.
CIPRES portal, using MrBayes v.3.2.3 [32], was utilized to construct individual Bayesian
inference (BI) phylogenies for the ITS and TEF sequences. Concatenated sequences obtained
by MrModeltest v.2.3 constituted the best evolutionary model for the analyses, according to
the Akaike information criterion (AIC) [33]. The analyses were carried out over 10 million
generations using four chains and sampled every 1000 generations for 10,000 trees. The first
2500 trees were discarded in the burning phase. Then, probabilities [34] were determined
from a majority rule consensus tree generated with the remaining 7500 trees.

2.7. Statistical Analysis

Pathogenicity assay was applied according to [35] in a fully randomized experimental
design with 6 treatments and 12 replicates; each repetition included an adult insect. ANOVA
testing and Duncan mean comparison were carried out; in both cases p < 0.05 indicated
significance. During the experiment, we calculated the mortality (%) of the treatments at 7-,
14-, 21-, and 28-day intervals, correcting these calculations with the control.

3. Results and Discussion

Initially, we purified the fungi isolates according to Koch’s postulates [35]. However,
after three different bioassays, we used the calculated size of the inoculum to confirm
the efficiency of any isolates for the pest’s cause of death. If not replicated rapidly, the
entomopathogenic fungi and the native isolates lose their virulence after purification. In
this study, the virulence was maintained at a high level in all of the bioassays. This allowed
us to confirm that the pathogen was an effective tool, demonstrating a high virulence and
naturally causing a high mortality rate in the pest.

3.1. Morphophysiological Characterization of Native Entomopathogenic Fungi

The three native isolates (CVADO1, CVAD02, and CVADO06) and the controls (CPATC /032
and Commercial) show the same macroscopic characteristics: slow growth, white mycelium,
a light-yellow reverse topography of the cottony mycelium, and powdery texture (Figure 1A).
Morphological scrutiny helped characterize the entomopathogenic fungi in our study, facil-
itating taxonomic identification and driving the selection of isolates used in pathogenicity
tests [14]. Nevertheless, we relied on the work of [36], using only fungal isolated material
for morphological species identification, thus preventing morphological changes due to
repeated steps on artificial media and waiting for confirmation of molecular analysis identi-
fication. The microscopic analyses of the isolates returned photomicrographs. The hyphae
were hyaline septate with uniform septa, geniculate conidiophores, zigzag denticulae,
single-celled agglomerated phialides, and ovoid-shaped conidia (Figure 1B). All isolates
presented morphological characteristics consistent with the genus Beauveria as reported
by [37,38] and showed spore germination (Figure 1C), indicating that the isolates were of a
good quality. In agreement with observations by [38], we also observed a wide variation
between strains of the genus Beauveria spp. [39].

The genus Beauveria is a cosmopolitan entity with anamorphic and teleomorph stages.
It is found in soil and insects and demonstrates facultative and highly entomopathogenic
characteristics. Beauveria causes significant pathogenicity in arthropods; as such, insect
pest management has been applied to it [27,36,40]. Species identification in Beauveria is
difficult due to the genus’ structural simplicity and lack of characteristics in phenotypic
variation [41].
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CVADO1

CVADO02

CVADO06

Figure 1. Photographs of colonies in PDA medium (bar = 1 cm) (A). Sporulation of B. bassiana in
adult R. palmarum with 14 days of infection (B). Spores and hyphal structures of Beauveria isolates
observed with compound microscope (400 x magnification) (C).

In general, infection with Beauveria begins with adhesion. Subsequently, conidia
germinate on the host’s cuticle. This is followed by enzyme production. Appressorium
differentiation completes the hyphae’s entrance into the insect body. The process culminates
with the death of the host and differentiation and dispersal of new conidia [42].

Therefore, this study highlights the importance of morphological studies for ento-
mopathogenic fungi, prioritizing bioassays to determine mortality, pathogenicity, and fungi
grouping, as molecular analyses require a longer time to be completed. Thus, this study
may be of great importance for the identification of the species.

3.2. Evaluation of Mortality and Pathogenicity of Native Entomopathogenic Fungi in R. palmarum

Isolates from native EF-infected R. palmarum were available from August to December
2018. A study of isolates demonstrated that EF infection occurs naturally in the county of
Coruripe, Alagoas, Brazil. According to [14], the species of entomopathogenic fungi with
the greatest potential for use as a bioinsecticide are those that are cosmopolitan; that is,
they may be found in the environment in which the microorganism will be applied.

Study of the five B. bassiana isolates, CVAD01/CVADO02/CVADO6, and of the con-
trols B. bassiana CPATC/032 and B. bassiana Commercial, revealed spore germination,
suggesting the good quality of the isolates and their suitability for pathogenicity tests.
According to [43], germination quality is directly related to the viability of conidia and the
survival time of the isolates. During the bioassays, the EF infection grew on the insect,
covering the insect and sporulating, as described by [14,43]. Beauveria bassiana isolates
CVADO01/CVADO02/CVADO6, B. bassiana CPATC /032, and B. bassiana Commercial com-
pleted their cycle on R. palmarum in 19, 20, 21, 23, and 25 days, respectively. BOD was
carried out at 25 & 2 °C with an RH of 70 &= 10% and 12 h of photophase. Sporulation
development began in the spiracles, in the membranes of segments, in the legs, in the bases
of antennas, and on the rostrum of R. palmarum. Our observations correspond with those
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recorded in [42,43] while analyzing the pathogenicity of promising isolates of B. bassiana on
adults of R. palmarum.

Evaluating the corrected mortality rates (Table 2) of R. palmarum that derived from the
five isolates, CVADO1, CVADO02, CVADO06, Commercial, CPATC /32, and native B. bassiana,
we noted that, during the first seven days, CVADO6 reached a 50% corrected mortality rate,
a statistically significant difference (p < 0.05) compared with the other isolates (B. bassiana-
isolated CVADO1, B. bassiana Commercial, and Beauveria sp. CVADO02).

Table 2. Mortality percentage of native EF on R. palmarum. PM-—percentage of mortality;
PMC—percentage of corrected mortality; x—Mean; SD—standard deviation.

Experiment 1

b B. bassiana CVADO1 B. bassiana CVAD02 B. bassiana CVAD06 B. bassiana CPATC/32 B. bassiana (®)

a

y PM PMC PM PMC PM PMC PM PMC PM PMC

X X+ SD X X + SD X X + SD X X + SD X X + SD

7 25 10 £3.768 b 25 10 £3.768 b 50 40 +4.351 a 8.3 0 25 10 +£3.768 b
14 75 70 +£5.179 a 583 50+4.291c 75 70 £ 3.768 a 66.6 60 +4.103 b 66.6 60 = 4.103 b
21 100 100 £3.553a 100 100£1.855a 100 100+ 1.855a 100 100 £ 1.855 a 75 70 +3.768 b
28 100 100 £3.553a 100 100+1.855a 100 100+ 1.855a 100 100 £ 1.855 a 91 90 +2.405b

Mean with the same letter are not significantly different (Duncan p < 0.05).

Within 14 days, the isolates B. bassiana-isolated CVADO06 and B. bassiana-isolated
CVADO1 produced 70% mortality; within 21 days, the corrected mortality rates were 100%
across all isolates of B. bassiana, including CVAD06, CVADO1, and CPATC/32. These
results demonstrate a statistically significant difference (p < 0.05) compared with B. bassiana
Commercial, which demonstrated a 70% corrected mortality rate.

Finally, on day 28, the native isolates maintained a 100% corrected mortality rate,
and the corrected mortality rate of B. bassiana Commercial increased to 91%. These results
primarily demonstrate that the mortality rates of the native isolates, from the 14th day of
the evaluation to the 21st day, rose from 70 to 100%, providing evidence of their promising
potential for the biological control of R. palmarum adults. The high mortality rate obtained
demonstrates that fungi isolates have adapted to eliminate the growth and multiplication of
R. palmarum adults in the northeastern region of Brazil and indicates that these pathogens
have coevolved with the pest, adapting in order to survive in this environment. The authors
of [43-45] suggest that B. bassiana constitutes a widespread biological control agent against
a wide range of insect pests worldwide and that B. bassiana are associated with and adapted
to different habitat types, insect hosts, and specific environmental conditions.

In Table 3, a second experiment under the same bioassay conditions and with previous
multiplication of all isolates in R. palmarum adults (to reactivate virulence) showed that,
at day 7, the native isolate Beauveria sp. CVADO2 inflicted a 50% corrected mortality
rate, different (p < 0.05) from the isolated CVADO1, isolated CVAD06, Commercial, and
CPATC/32. At day 14, CVADO1 demonstrated a 100% corrected mortality rate, followed
by CVADO02 and CVADO06, which both demonstrated a 91.6% mortality rate, significantly
different (p < 0.05) from the mortality rates produced by CPATC/32 and Commercial,
which were 45% and 50%, respectively. When evaluated at day 21, mortality rates differed
for CVAD06 and Commercial, with mortality rates increasing to 58% and 54%, respectively.
No further increase in mortality rate was observed at 28 days. Thus, the native CVADO1,
CVADO02, and CVADO06 showed high pathogenicity against adult R. palmarum infection.
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Table 3. Mortality percentage of native EF on R. palmarum. PM-—percentage of mortality;
PMC—percentage of corrected mortality; x—Mean; SD—standard deviation.

Experiment 2

D B. bassiana CVADO1  B. bassiana CVAD02 B. bassiana CVAD06 B. bassiana CPATC/32 B. bassiana (®)

a

y PM PMC PM PMC PM PMC PM PMC PM PMC

X x = SD X x + SD X x + SD X x + SD X X+ SD
7 333 33+4103b 16.6 16.6 £3.243d 50 50 +4.351 a 416 41.6+4291ab 416 41.6+4.291ab
14 100 100 = 1.86 a 916 91.6 +£2405b 75 72.7 £ 3.768 ¢ 75 75 £ 3.768 ¢ 75 75 £ 3.768 ¢
21 100 100 £ 1.86 a 916 91.6+£2405b 75 75 £ 3.768 ¢ 916 91.6 +£2405b 75 75 £3.768 c
28 100 100 £ 1.86a 916 91.6+2405b 75 75 £ 3.768 ¢ 91.6  91.6 £2405b 75 75 £3.768 c
Mean with the same letter are not significantly different (Duncan p < 0.05).

Table 4 shows data comparable to the previous similar experiments, compiled after
reactivating the isolates” pathogenicity on R. palmarum. Seven days after inoculation, the
isolate CVADO6 induced a mortality rate that was 50% different (p < 0.05) from other
isolates. At day 14, CVADO1 produced a 100% mortality rate and CVADO2 produced a
91% mortality rate; these results are significantly different (p < 0.05) from those of the
commercial fungi CVADO06 (72%) and CPATC/32 (75%). On day 21, the mortality rate of
the two native isolates and CPATC/32 increased to 91.6%.

Table 4. Mortality percentage of native EF on R. palmarum. PM-—percentage of mortality;
PMC—percentage of corrected mortality; x—Mean; SD—standard deviation.
Experiment 3
D B. bassiana CVADO1  B. bassiana CVADO02 B. bassiana CVAD06 B. bassiana CPATC/32 B. bassiana (®)
a
Y PMC PM PMC PM PMC PMC PM PMC PM PMC
X x+ SD X X+ SD X x + SD X x+ SD X x + SD
7 33 33+4.103b 50 50 +4.351 a 25 25 1+ 3.768 ¢ 25 254+ 3.768 ¢ 25 25+ 3.76¢
14 100 100 £1.86a 916 91.6+2405b 916 91.6+£2405b 50 50 £ 4.351 c 50 454 +251d
21 100 100 £ 1.86 a 916 91.6+2405b 916 91.6+2405b 583 583+4291cd 583 545+4291b
28 100 100 £ 1.86 a 916 91.6+2405b 916 91.6+2405b 66.6 63.6+4.103d 83 81.8 £3.243 ¢

Mean with the same letter are not significantly different (Duncan p < 0.05).

3.3. Molecular Identification of Native Entomopathogenic Fungi

In this study, the native entomopathogenic fungi presented good quality, integrity,
purity, and suitability for amplification. Approximately 544 bases were determined for ITS
and 329 bases for TEF; congruence analyses revealed no conflict between the datasets. The
maximum likelihood (ML) and Bayesian inference (BI) trees that were generated presented
the same topology; therefore, only the Bl tree was presented in this study. The combined
dataset of the two loci included 30 taxa with Cordyceps tenuipes (ARSEF 4096) as external
group taxa, facilitating the rooting of the phylogenetic tree and the temporal organization
of the analyzed species. The concatenated alignment had 1511 characters, of which 141
were parsimonious informational sites, 1083 were conserved sites, and 428 were variable
sites. The locus limits in the alignments were as follows: 1-906 for ITS and 907-1511 for TEFE.
For phylogenetic analyses of BI, according to AIC, the GTR + I + G model was selected for
ITS and SYM + G was selected for TEF; for the combined data, the model used GTR +1I + G.

Phylogenetic analyses for the ITS and TEF regions allowed the delimitation of the Beau-
veria bassiana (Hypocreales) species (Figure 2; Supplementary Figures 52 and S3) the same
regions were used by the authors of [46] to identify naturally occurring entomopathogenic
fungi isolated from banana soil as biocontrol agents of Cosmopolites sordidus (Germar, 1824;
Coleoptera: Curculionidae).
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Figure 2. Phylogenetic tree of Bayesian inference of Beauveria bassiana isolates based on concatenated
sequences of ITS and TEF genes. Bayesian posterior probability values > 0.55 are indicated on the
nodes. Cordycepes tenuipes was used as an outside group. The isolates obtained in this study are
represented by CVAD1, CVAD?2, and CVD6. The scale bar (0.06) represents nucleotide substitutions
per site. The analyses took place over 10 million generations, using 4 chains, and were sampled every
1000 generations, for a total of 10,000 trees.

For the authors of [47], it was important to use different gene regions when identify-
ing the species in the genus Beauveria that have simple structures, thus requiring robust
identification at the species level. This morphological fungal relationship is also supported
by [47], suggesting that species identification in Beauveria is difficult due to their structural
simplicity and lack of distinct phenotypic variation, in turn highlighting the importance of
multilocus sequence studies when establishing species boundaries in Beauveria; however,
for this study, the regions analyzed allowed the identification of isolates for B. bassiana.

When amplifying the DNA extracted [48] from the native fungi from parasitized
R. ferrugineus, the amplification fragments showed 600 bp and homology, with 100% simi-
larity, for B. bassiana, with reference sequences deposited in GenBank. The results from [47]
are like those obtained in this study: indigenous entomopathogenic fungal isolates showed
100% sequence similarity with B. bassiana, as the three analyzed strains were taxonomically
grouped. The data presented here and obtained by repeated bioassays suggest that the geo-
graphic origin and pathogenicity of native EF isolates possess an excellent mix of controls
to manage the target insect, R. palmarum.
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A better understanding of the R. palmarum population structure in the Coruripe,
Alagoas, coconut tree crop area will help to evaluate the ecological and potential impact of
the biocontrol action of EF. According to [48] the species of entomopathogenic fungi with
the greatest potential to be developed as bioinsecticides are those that are cosmopolitan
and found in the environment in which the microorganism will be applied. The authors
of [49,50] have shown that native microbial agents can be used in biological control pro-
grams for Rhynchophorus spp. populations.

For the authors of [50], entomopathogenic fungi, such as B. bassiana, Metarhizium
anisopliae, Isaria fumosorosea, and Lecanicillium lecanii, are a promising alternative for the
management of R. ferrugineus infestations when used with other control methods, such
as pheromone traps, insecticides, and sanitation, significantly reducing RPW populations
and damage.

Meanwhile, the exotic species of entomopathogenic fungi used in biocontrol may
be ineffective in some pests due to their adaptation to climatic diversity and host-related
isolate differences; however, the identification of native EF is considered a promising
alternative due to their ecological suitability to native pest species and the lower non-target
organisms’ susceptibility when compared with exotic isolates [49,50].

4. Conclusions

According to the findings of this research study, the native Brazilian isolates of Beauve-
ria bassiana (CVAD2, CVAD1, and CVD6) identified in this study caused high pathogenicity
and mortality for R. palmarum and were found to be promising for biocontrol in palms. The
commercial isolate achieved lower mortality rates in the management of R. palmarum and
in the potential control of R. ferrugineus in Brazil. However, field studies are needed to
reach sound conclusions and achieve practical applications.

Classical morphological analysis allowed the identification of the fungi’s native Brazil-
ian isolates up to the level of the genus Beauveria spp. However, it is necessary to carry out
phylogenetic analysis in the ITS and TEF regions to delimit and define this species from
Beauveria bassiana (Hypocreales).

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/insects15030159 /s1. Supplementary Figure S1: Geograph-
ical location of sampling area; Supplementary Figure S2: Phylogenetic tree of isolates of Beauveria
bassiana isolates through Bayesian analysis of the ITS intergenic region. Supplementary Figure S3:
Phylogenetic tree of isolates of Beauveria bassiana isolates through Bayesian analysis of the TEF in-
tergenic region. Supplementary Table S1: Taxa and their GenBank accession numbers used in the
phylogenetic analysis.
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