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Abstract

Entomopathogenic fungi are effective biological control agents for pest management, also demonstrating several
benefits to host plants when acting as endophytes. These fungi benefit from the host’s nutrition and protection,
while plants gain greater resistance to herbivores, pathogens, and other biotic stresses. This study evaluated one
isolate each of Beauveria bassiana (Balsamo) Vuillemin and Metarhizium anisopliae (Metschnikoff) Sorokin for their
endophytic colonization ability and growth-promotion effects in Eucalyptus UHér plants. Two methods of artificial
inoculation, stem injection and foliar spraying, were used for both fungal species and performed at 0, 15, 30, and
45 days after inoculation. Both fungal isolates successfully colonized Eucalyptus tissues during all evaluated periods.
The colonized Eucalyptus plants showed increased number of leaves and branches after endophytic colonization
by B. bassiana. M. anisopliae had a higher colonization rate when inoculated by both methods (stem injection and
foliar spraying). The positive effects of endophytic colonization on plant growth are associated with the production
of bioactive metabolites by the species, via mechanisms that are not yet fully understood. Endophytic isolates offer
strategies that may contribute to pest management in Eucalyptus plantations.
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Resumo

Fungos entomopatogénicos sio agentes de controle biol6gico eficazes para o manejo de pragas, demonstrando
também diversos beneficios para as plantas hospedeiras quando atuam como endéfitos. Esses fungos se
beneficiam da nutrigdo e prote¢do do hospedeiro, enquanto as plantas obtém maior resisténcia a herbivoros,
patégenos e outros estresses bidticos. Este estudo avaliou um isolado de cada um dos fungos Beauveria bassiana
(Balsamo) Vuillemin e Metarhizium anisopliae (Metschnikoff) Sorokin quanto a sua capacidade de colonizagdo
endofitica e efeitos de promogao do crescimento em plantas de Eucalyptus L'Hér. Dois métodos de inoculagdo
artificial, injecdo no caule e pulverizagdo foliar, foram utilizados para ambas as espécies de fungos e realizados
em 0, 15, 30 e 45 dias ap6s a inoculagdo. Ambos os isolados flingicos colonizaram com sucesso os tecidos de
Eucalyptus em todos os periodos avaliados. As plantas de Eucalyptus colonizadas apresentaram aumento no
ntimero de folhas e ramos apés a colonizagdo endofitica por B. bassiana. M. anisopliae apresentou maior taxa de
coloniza¢do em ambos os métodos (inje¢do no caule e pulverizagdo foliar). Os efeitos positivos da coloniza¢do
endofitica no crescimento da planta estdo relacionados a producdo de metabélitos bioativos pela espécie por
meio de mecanismos ainda ndo totalmente compreendidos. Isolados endofiticos oferecem estratégias que
podem contribuir para o manejo de pragas em plantagdes de eucalipto.

Palavras-chave: fungos entomopatogénicos, pulverizagdo foliar, inje¢do no caule, promogdo do crescimento,
controle bioldgico.

1. Introduction

In the forestry sector, pests are among the threats that  hinder intensive forestry (Tomé et al., 2021). This can
cause the greatest productivity loss, thereby affecting  contribute to the proliferation and pathogenicity of insects
the economic viability and sustainability of forestry  (Dal Pogetto et al., 2024). Consequently, it becomes more
(Gullino et al., 2022). Planting uniformity, reduced genetic  difficult to implement control strategies, thereby increasing
diversity, and a shortage of natural pest enemies can  production costs (Bastit et al., 2023).
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Eucalyptus UHér is the most commonly used genus for
afforestation and reforestation worldwide (Qin and Yu,
2021) because of its rapid growth, high productivity, and
adaptability. It is also widely used as a raw material in pulp
and paper industries (Rocha et al., 2023). Eucalyptus is an
efficient biomass producer and plays a significant role in
mitigating climate change because it is fast-growing and
can sequester more CO, through photosynthesis (Bayle,
2019), thereby contributing to biodiversity conservation
(Palmieri et al., 2020).

In recent years, the productivity of Eucalyptus
plantations has been threatened by invasive pests.
Pests affecting Eucalyptus plantations include the gall
wasp, Leptocybe invasa (Hymenoptera: Eulophidae); the
Eucalyptus psyllid (Glycaspis brimblecombei); the stem
borer Zeuzera multistrigata Moore (Lepidoptera, Cossidae);
aphids such as Cinara eucalypti and Eucalyptus aphids; the
leafhopper Mahanarva fimbriate; and leaf-cutting ants Atta
spp. and Acromyrmex spp. (Barbosa et al., 2023). Some
of these pests are specific to certain regions and their
effects on plantations vary. Knowledge of the main pests
affecting Eucalyptus is crucial for developing management
and quarantine strategies, advancing research, protecting
plantations, and mitigating the global economic and
ecological impacts that threaten the species financial
viability (Choi and Park, 2019).

The search for alternatives that enable efficient and
sustainable management is expanding the use of biocontrols,
including entomopathogenic fungi that act endophytically
on plant species. Endophytic fungi are effective biological
control agents for pest management (Mantzoukas and
Eliopoulos, 2020). These organisms act symbiotically,
triggering local and/or systemic defense (Chen et al., 2021).
The great versatility of entomopathogenic endophytic
fungi (EEF) is precisely the ability of these organisms to
infect plants at all stages of their development, since these
fungi can penetrate plant tissues naturally or artificially
(Mhoswa et al., 2020; Bandeira et al., 2023) and establish a
mutualistic symbiotic relationship with their hosts, directly
or indirectly promoting adaptability to hardships, including
biological and abiotic stress (Liu et al., 2022; Mesquita et al.,
2025; Joseph et al., 2025).

Several species of entomopathogenic fungi transgress
the insect cuticle through a combination of degrading
enzymes and mechanical pressure (Bali et al., 2022),
thereby perforating the insect hemocoel and multiplying
throughout the host insect (Francis et al., 2022). The EEF
infection pathway in host insects is ensured through a
series of subsequent cuticle transgression phases: infection,
presented by the attachment of conidia, germination,
production of infection structures, and penetration into
the host; growth, described by the proliferation of the
fungus through hyphal bodies and blastospores, as well as
the production of secondary metabolites in the hemocoel;
and reproduction, presented by fungal excrescence, where
asexual conidia are passively released and a new infection
cycle is initiated (Chen et al., 2021; Mhoswa et al., 2020).

The community structure and distribution patterns
of endophytes in host plants are influenced by various
factors including agricultural practices, host plant genetics,
geography, season, and vegetation structure (Saqibetal., 2022).
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The pattern of fungal colonization and spatial distribution
can vary among the host plant’s roots, stems, and leaves
(Mhoswa et al., 2020).

The genera Metarhizium and Beauveria have been
successfully inoculated, either naturally or artificially,
into various plant species using different techniques
(Saqgib et al., 2022; Santoyo et al., 2016). This colonization
has resulted in increased growth and reduced pest
infestation in economically important crops (Klieber
and Reineke, 2016). Endophytic fungi have antagonistic
effects on various insect pests and microbial pathogens
and modify the bioavailability of nutrients to host plants,
thereby improving host plant growth and controlling insect
pests (Liao et al., 2017; Pourtaghi et al., 2020).

Although entomopathogenic fungi are widely
studied as endophytes, there is still a clear research gap
regarding comparative performance between species
under different inoculation methods in forest species
such as Eucalyptus. Therefore, this study was conducted
to evaluate the endophytic colonization capacity of
Eucalyptus by two entomopathogenic fungi, Beauveria
bassiana (Bals.) Vuill (Ascomycota: Hypocreales) (1992)
and Metarhizium anisopliae Sorokin (Metschnikoff)
(Ascomycota: Hypocreales) (1976), using two artificial
inoculation methods, stem injection and foliar spraying,
at three different periods, and to verify the effects of
such inoculation on plant growth. Such insights are
essential for optimizing the use of endophytic fungi in
forestry systems.

2. Materials and Methods

2.1. Study area

The experiment was conducted in the municipality
of Gurupi, in the state of Tocantins, Brazil (11°44'45.41"'S
and 49°03’10.60”"'W, 284 m of altitude). The region’s
climate is type Aw, defined as tropical savanna with two
well-defined seasons, one rainy and one dry, according
to the Koppen-Geiger classification (Beck et al., 2018).
Environmental conditions varied naturally, with an
average daily temperature of 25.96 °C and an average
daily precipitation of 5.66 mm (Sparks, 2018; Figure S1,
Supplementary Material).

2.2. Plant material

Plant material was obtained from a hybrid clone of
Eucalyptus tereticornis Sm. x Eucalyptus camaldulensis
Dehnh (VS058). Cuttings of this material were produced
and cultivated until they reached 120 days of age and a
height of approximately 90 cm. They were then transplanted
into 2.6 L plastic pots containing commercial Bioplant®
substrate (Bioplant Plus, Nova Ponte, Minas Gerais, Brazil),
which had previously been autoclaved. The cuttings were
fertilized every 2 weeks with 5 g of granulated fertilizer
(10-10-10 NPK and Yoorin Master 1S, Pogos de Caldas,
Minas Gerais, Brazil). Before inoculation, the plants were
acclimatized for 30 days. The plants were watered twice
daily throughout the experiment.
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2.3. Fungal isolates and preparation of conidia

Two entomopathogenic fungi, B. bassiana and M.
anisopliae, were used in this study. B. bassiana was isolated
from the commercial product Boveril® (Koppert do Brasil,
Piracicaba, S3o Paulo, Brazil) and M. anisopliae was obtained
from a Tenebrio molitor larva (Coleoptera: Tenebrionidae)
kept in contact with forest soil using the bait technique
(deposited in the UNESP Microbial Collection under the
code CRM 1397) (Saqib et al., 2020).

The fungal isolates were subcultured in Petri dishes
containing potato dextrose agar (PDA) culture medium plus
amoxicillin (500 mg/L) and kept in a climate chamber at
26 £ 2 °C, with a 12-hour photoperiod for approximately
7 to 10 days to obtain conidia on the entire dish. After this
period, 10 mL of distilled water and 0.02% (v/v) Tween
80 were added to each plate to collect conidia, which
were then suspended using a sterilized spatula. The
suspension was shaken vigorously for 5 min to homogenize
the mixture and then filtered through a double layer of
sterile gauze. An aliquot of this suspension was placed in
aNeubauer chamber to determine conidial concentration.
The inoculum was adjusted 1 x 10® spores/mL/L. The
suspension was adjusted to 1 x108 conidia/mL/L, following
Gurulingappa et al. (2010).

A sample of this fungal suspension at a concentration
of 1x 108 conidia/mL/L was used to determine the viability
of conidia before inoculation. The process consisted of
spreading 150 pL of the suspension on plates containing
PDA supplemented with amoxicillin (500 mg/L) with a
millimeter face. The plates were incubated a B.0.D incubator
at 26 + 2 °C with a 12-hour photoperiod for 3 days.

Germination was determined by counting the viable
conidia on a plate using an optical microscope (Leica DM500)
(Lacey, 2012). Germination was considered positive when
the length of the germ tube was twice the diameter of the
conidia. Four plates were used for each isolate to assess
viability. Conidial viability exceeded 80% for both B. bassiana
and M. anisopliae.

2.4. Experimental design

The experimental design was entirely randomized, in a
3 x 2 x4 factorial scheme, with the first factor corresponding
to B. bassiana, M. anisopliae, and the control, and the second
factor corresponding to the inoculation methods: stem
injection and foliar spraying. The third factor was evaluation
time, with 0, 15, 30, and 45 days after inoculation (d.a.i.).
Each treatment had six repetitions, and each plant was
considered a repetition.

2.5. Inoculation by stem injection and foliar spraying

To conduct inoculation via stem injection, each plant was
pierced through the stem up to the cortical parenchyma
using a 0.45 mm thick pin below the antepenultimate
fully expanded leaf. After removing the pin, 0.5 mL of
the conidia suspension was introduced using an injection
syringe (Figure S2 Supplementary Material). The injection
site was sealed with a short piece of micropore tape
(Batista et al., 2021).

To guarantee the entry of fungal spores in the inoculation
method via foliar spraying, swabs were made on the adaxial
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surfaces of the fourth, fifth, and sixth fully expanded
leaves with the aid of a soft sponge so that the lesion did
not pass through the tissue of interest. Thirty milliliters
of the conidial suspension was sprayed onto each plant
using a plastic handheld sprinkler and applied directly to
the leaf tissue (Figure S2 Supplementary Material). The
intervals between the leaves and smears were delimited
using colored ribbons.

For the control treatments, inoculations were performed
using a solution of autoclaved distilled water with 0.02%
(v/v) Tween 80. After inoculation, all plants were covered
with sterile, transparent plastic bags for 48 h to maintain
a moist, favourable environment for fungal growth.

2.6. Endophytic colonization assessment

Two leaves were collected from each plant, one above
the inoculation site, referred to as the upper leaf, and the
other below the inoculation site, referred to as the lower
leaf. To verify endophytic colonization, repetitions were
counted if at least one disc from the three discs isolated
from the leaf showed the fungus of interest in the study.
Therefore, the value three is the maximum for counting
endophytic colonies considering each sampling position.
This collection was carried out 15 days after inoculation
(d.a.i.) and repeated 30 and 45 d.a.i. In the last collection
(45 d.a.i.), in addition to these leaves, a leaf primordium
and three root segments were collected: one from the
main root and two from the secondary root. Due to the
collection of material at 15 days after inoculation (d.a.i.),
some plants did not develop and did not generate material
to be collected at 30 d.a.i. (22 plants) or 45 d.a.i. (6 plants)
assessments. For these plants, a value of zero was assigned
because, although they were alive, the absence of new leaves
made collection impossible. This absence of new leaves
occurred for both fungi (B. bassiana and M. anisopliae).

The collected leaves were subjected to a superficial
decontamination process using running water and a soft
sponge after their mesophyll was sealed with melted
paraffin. The tissue was then cleaned by immersing it in 70%
ethyl alcohol for 2 min, then in and 3% sodium hypochlorite
for 1 min, followed by washing in sterile distilled water
(Agboyi et al., 2020). The plant material was then dried
on sterile filter paper in a laminar-flow chamber.

After decontamination, leaves were cut into three
circular fragments with diameter of 8-13 mm. Fully
expanded leaves and leaf primordia were cut into the
same dimensions 45 d.a.i. They were then transferred to
Petri dishes containing PDA medium supplemented with
amoxicillin (500 pg/m). Two Petri dishes were prepared
for each plant and the plant tissues were separated based
on their inoculation sites.

The plates were incubated at 26 °C and monitored daily
to track fungal growth. Colonization was characterized only
when the FEE colonies grew from the inner tissue to the
edge of the isolated plant material. To confirm that the
growing fungi were inoculated, slides were prepared based
on the macroscopic morphology using the microcultivation
technique (Humber, 2012). Slides of the original fungi were
prepared for comparison and morphological identification,
following the keys provided by Humber (Humber, 2012).
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2.7. Evaluation of plant morphology

To determine the effects of fungal inoculation on plant
growth, the following parameters were evaluated: plant
height (from the base to the top leaf, in cm), stem diameter
(in mm), number of fully expanded leaves per plant, and
number of branches per plant collected 15, 30, and 45 d.a.i,
as well as the biomass of the aerial parts and roots collected
at 45 days of age. The plant materials were placed in an
oven at 75 = 2 °C to determine the dry biomass. For both
fresh and dry biomass, the total biomass values were
determined by summing the biomass of the aboveground
portion with that of the roots (Oliveira-Neto et al., 2003)

2.8. Statistical analysis

The data obtained, when they met the assumptions,
were subjected to analysis of variance, and the means
were subjected to the Skott-Knott multiple comparison
test (Scott and Knott, 1974). The statistical model used in
the analysis of variance was (Equation 1):

Yijkl = B+ 0 + B + o +af+

ik +Boj + ek +&jk

(1

in which yjjk represents the response trait, u represents the
effect of the overall average, o; represents the effect of the
i-th fungus (i=1and 2), B; represents the effect of the j-th
method (j = 1 and 2), oy represents the effect of the k-th
time (k=1,2,3,e4), afj; represents the dual interaction
between fungus and method, awy represents the dual
interaction between fungus and time, Bw;, represents
the dual interaction between method and time, ofwjji
represents the triple interaction between the factors

and &ijkl represents the random error.

To model the endophytic colony count in the aerial
part and root, the Poisson regression model was used. To
model the count of colonization in the aerial part, model
(1) was used, supplemented by the effect of position
(above or below) in relation to inoculation. McFadden’s
pseudo-R? was calculated to assess the quality of the
Poisson regression model (McFadden, 1973). The count of
colonizations in the root part occurred at the end of the
experiment (d.a.i. = 45), therefore the Poisson regression
model considered for the root was model (1) removing
the effects involving the time effect. All analyses were
performed using the R software (R Development Core
Team, 2026).

3. Results

Analysis of variance was not used to model endophytic
colonization counts because both assumptions were
violated. In this scenario, the Poisson regression model
is the most commonly used for modeling count data
(Coxe et al., 2009). The effect of position, whether above
or below the inoculation site, did not show a significant
effect in the deviance analysis for colony counts in shoot
fragments (p-value = 0.2937) and was discarded to generate
a more parsimonious model. In the deviance analysis of
the complete Poisson regression model, the three-way
interaction (p-value = 0.0646), and the two-way interactions
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between fungus and time (p-value = 0.6383), fungus and
method (p-value =0.8277), and time and method (p-value =
0.7823) were not significant and were also discarded from
the model (Table S1 Supplementary Material). Therefore,
the final model for colony counting in shoot fragments
included only the main effects of fungus, method, and
time. Considering the colony count in the root, the effect
of position (p-value = 0.1300) and the double interaction
between fungus and method was also not significant
(p-value = 0.9667), and both effects were discarded from
the model. The next model for the root considered only the
effects of fungus (p-value = 0.3650) and method (p-value =
0.7630), although neither was significant. Thus, the final
model for counting colonies at the root included only the
intercept, since the other effects were not statistically
significant (Table S1 Supplementary Material).

The maximum value of the average rate modeled in
the Poisson regression is three, as this was the number of
fragments collected at each position and on each plant in
the experiment. Considering the fungal effect, M. anisopliae
presented an average rate (r = 1.54, CI = [1.28, 1.86])
statistically superior to the estimated value for B. bassiana
(r=0.78,CI=[0.60, 1.01]) for counting endophytic colonies
(Figure 1A). Considering the effect of the methods on colony
counting, the average rates between stem injection (r = 1.04,
CI=[0.83,1.30]) and leaf spraying (r = 1.16, CI = [0.94, 1.44])
were statistically equal (Figure 1B). In the comparison
of average time rates, the highest value was observed at
45d.a.i. (r=1.73,Cl=[1.39, 2.14]), while 15 d.a.i. (r = 0.78,
CI=[0.57,1.07])and 30 d.a.i. (r=0.98, CI=[0.74, 1.30]) were
statistically equal (Figure 1C). When counting colonies
on roots, there were no significant differences between
methods or between the fungi (Figure 1).

The analysis of variance showed a significant effect for
time only (p-value < 0.0001) on stem diameter (Table S2
Supplementary Material, Figure 2). Considering plant height,
time (p-value < 0.0001) and fungus (p-value = 0.0066)
showed a significant effect (Figures 2A and 2C). B. bassiana
(61.97 cm) showed the highest average plant height, while
M. anisopliae (59.82 cm) showed an average statistically
equal to the control (57.98 cm) (Figure 2C).

Considering the number of branches, time (p-value =
0.0168), method (p-value = 0.0045), and fungus (p-value =
0.0135) showed significant effects (Table S2 Supplementary
Material). Since no interaction was significant, the main
effects were studied separately (Figures 3A, 3B, and 3C).
The number of branches showed a linear relationship with
time (Figure 3A). Regarding the method, leaf spraying
(5.13) had a higher average than stem injection (4.08)
(Figure 3B). In the comparison between fungi, B. bassiana
and the control showed the highest average number of
branches (Figure 3C).

Regarding the number of leaves, the two-way
interaction between time and method was significant
(p-value = 0.0061), and the main effect of fungus was also
significant (p-value = 0.0023; Table S2 Supplementary
Material). For this trait, a time comparison was made
for each method, and a comparison between methods
within each time was conducted due to the significant
interaction (Figures 3D and 3E). Considering time, the
increase in the number of leaves was faster (B, =0.68 for
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(A) Fungus in leaves (B) Methods in leaves (C) Time in leaves
2.0
15
ey 100 I I { I I
)
IS
N 05
_8 B. bassiana M. anisopliae Leaf spraying Stem injection 15d.ai. 30d.a.i. 45 d.ai.
Q
L: (D) Fungus in roots (E) Methods in roots
o
820
<
~
| B}
1.0
0.5
B. bassiana M. anisopliae Leaf spraying Stem injection

Figure 1. Rate of endophytic colonization by B. bassiana and M. anisopliae 15, 30, and 45 days after inoculation (d.a.i.) by the methods of
leaf spraying and stem injection estimated by the Poisson regression model. Error bars indicate the 95% confidence intervals. Graph A
shows the comparison of colonization rates among fungal species in the leaves, graph B shows the comparison between methods, and
graph C shows the comparison between evaluation times. Graph D shows the comparison of colonization rates among fungal species
in the roots, and graph E shows the comparison between methods.

(A) Plant height in time (B) Plant height in method (C) Plant height in fungus
623
60.0 I - I
60 57.5 I
50 55.0 a a 55 a b b
S, 525
5 y=40.38+1.4x - 0.02x* , R2; = 0.99
50.0 50 L— |
0 15 30 45 Stem injection Leaf spraying B. bassiana M. anisopliae ~ Control
(D) Stem diameter in time (E) Stem diameter in method (F) Stem diameter in fungus
50 4.0
T L a0 T . I
4.5 35
35
4.0
3.0 & & 3.0 a a a
35
2% 2.5
3.0 y=2.95+0.05x , kng =0.986
20 2i0:—— |
0 15 30 45 Stem injection Leaf spraying B. bassiana M. anisopliae ~ Control

Figure 2. Height (cm) and stem diameter (mm) of Eucalyptus plants endophytically colonized by B. bassiana and M. anisopliae 15, 30,
and 45 days after inoculation via foliar spraying and stem injection. Different letters indicate differences in the averages within each
graph (p-value < 0.05). Graphs A, B, and C present the results for the plant height regarding the effects of time, method, and fungus,
respectively. Graphs D, E, and F present the results for the stem diameter regarding the effects of time, method, and fungus, respectively.

leaf spraying, ["31 =0.51 for stem injection) when using both methods were equal at 0 and 30 d.a.i. (Figure 3E).
the leaf spraying method (Figure 3D). In comparisons  Regarding the fungi, B. bassiana and the control showed
between methods within each time period, leaf spraying  the highest averages for the number of leaves, exceeding
showed the highest averages at 15 and 45 d.a.i., while  the average of M. anisopliae (Figure 3F).
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(A) Number of branches in time (B) Number of branches in method (C) Number of branches in fungus
} 5.5 5.5 I
=3.87+0.03x , R ;= 0.82
o i 50 I 5.0
oL 45 45 I
4.5 4.0 I 4.0 I
4.0 35 b a 3.5 a b a
3.0 3.0 — —
0 15 30 45 Stem injection Leal spraying B. bassiana M. anisopliae  Control
(D) Number of leaves in time (E) Number of leaves in method (F) Number of leaves in fungus
50 | y=1281+0.68x R2;=043 I 50 30 I
40 | y=12.66+051x,R2;=06 40 I
30 25 I
30
20 20
20 10 a b a
0 15— —
0 15 30 45 15 45 B. bassiana M. anisopliae Control

0
. Stem injection

30
Leaf spraying

Figure 3. Number of leaves and branches of Eucalyptus plants endophytically colonized by B. bassiana and M. anisopliae 15, 30, and 45
days after inoculation via foliar spraying and stem injection. Different letters indicate differences in the averages within each graph
(p-value < 0.05). Graphs A, B, and C present the results for the number of branches regarding the effects of time, method, and fungus,
respectively. Graphs D, E, and F present the results for the number of leaves regarding the effects of time, method, and fungus, respectively.

There were no significant differences between the
treatments evaluated, indicating that there was no
interference from the time, fungi, or inoculation methods
on the production of fresh and dry biomass of the plants
(Table S3 Supplementary Material).

4. Discussion

The results of this study showed that both M. anisopliae
and B. bassiana can endophytically colonize different
parts of eucalyptus plants. The higher rate of endophytic
colonization observed in the upper leaves at 45 days of age
for both fungi and inoculation methods could be explained
by the systemic spread of these microorganisms, which
affects various aspects of plant morphology and physiology,
compromising natural physiological processes. Endophytic
fungi act symbiotically, triggering both local and systemic
defences (Bacon, 1994; Bandeira et al., 2023). The model
presented a low pseudo-R?(0.09; Table S1 Supplementary
Material), indicating that the variability explained by the
predictors is limited.

The contrasting responses observed in this study
despite higher colonization by Metarhizium anisopliae
and greater plant growth promotion by Beauveria
bassiana, likely reflect functional differences in ecological
strategies and plant-fungus interactions. Species of
Metarhizium are recognized for their strong rhizosphere
competence and ability to efficiently colonize plant
tissues, particularly roots, facilitated by adaptations for
soil persistence and nutrient acquisition, including the
transfer of insect-derived nitrogen to plants (Behie et al.,
2015; Barelli et al., 2019). This ecological specialization
may explain the higher colonization rates observed for
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M. anisopliae. In contrast, although B. bassiana showed
lower colonization frequency, its more pronounced effects
on plant growth may be associated with its capacity to
modulate plant physiology through the production of
phytohormones, such as indole-3-acetic acid, and other
bioactive metabolites that enhance nutrient uptake
and stimulate shoot development (Liao et al., 2017;
Baron and Rigobelo, 2021; Sui et al., 2023). Additionally,
B. bassiana has been reported to establish a more systemic
distribution within plant tissues, potentially leading to
broader effects on plant metabolism and morphology
(Behie et al., 2015; Tall and Meyling, 2018). Thus, while
M. anisopliae appears to be more efficient in colonization
per se, B. bassiana may exert stronger functional impacts
on host growth, highlighting that colonization intensity
is not necessarily directly correlated with plant growth
promotion, but rather with the specific metabolic and
signaling interactions established between the endophyte
and the host plant.

The pathogenicity of B. bassiana depends on the
concentration of the conidial suspension, host specificity,
and abiotic factors (Paiva-Guimardes et al., 2020). The
cuticle is the main physical and chemical barrier that
fungal entomopathogens must overcome to infect the host
(Ramirez et al., 2018). Based on the lower colonization rate
of B. bassiana, we assumed that its lower performance in
the process of adhesion or passage through the insect
cuticle may be associated with the adhesion kinetics of
the conidia, which are influenced by electrostatic charges
and low relative humidity, as well as factors that contribute
to the properties of the cuticle, such as nutrient levels,
endogenous microbial flora, and cross-linked proteins
(Agboyi et al., 2020).
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The effects of endophytic microorganisms on their
hosts are diverse, and they can be found in various parts
of plants, including endophytic fungi, at different stages
of their life cycle, causing no obvious damage to the host
(Xiaetal., 2019). Studies on the interactions between plants
and endophytic fungi have indicated that this relationship
can offer various benefits to host plants (Jia et al., 2016).
Some of these effects include increased host nutrient
content and phytohormone modulation to accelerate plant
growth, increase root development, and improve crop
yield and quality (Cheng et al., 2022). Increased mineral
absorption and improved water use efficiency may be
the active factors that promote plant growth, in addition
to potential contributions through biological nitrogen
fixation (Baron and Rigobelo, 2021).

The increase in the morphological characteristics of
the Eucalyptus plants in this study showed a beneficial
association between the entomopathogenic fungi and the
plants via mycelium-root connections in a positive tritrophic
association between the host insect, fungus, and plant in
the rhizosphere (Behie et al., 2015), resulting in increased
plant height, number of leaves and number of branches. The
influence of inoculation with the two fungi on plant growth
in this study was divergent for some of the characteristics
evaluated, as fungal genera often exhibit different locations
in plant tissues, with the endophytic Metarhizium restricted
almost exclusively to the root system, whereas B. bassiana
established itself as an endophyte in all plant tissues,
indicating direct responses to the effect of inoculation in
different parts of the plant (Cheng et al., 2022).

The increase in leaf and branch number following B.
bassiana inoculation may be explained by the nutrient-
exchange interactions established during endophytic
colonization, whereby the fungus contributes nitrogen in
exchange for carbon from the plant (Tall and Meyling, 2018).
The pattern of gain and loss of carbohydrate-active enzymes
is characteristic of the Metarhizium clade and reflects the
extent of its continuous interaction with plants, manifesting
physiological compensation (Amobonye et al., 2023).

Endophytic colonization by Metarhizium and Beauveria
promotes the growth of many plant species (Liao et al.,
2017; Tall and Meyling, 2018; Sui et al., 2023). The most
direct growth-promoting effects of these species include
indole-3-acetic acid (IAA) production, root development
stimulation (Baron and Rigobelo, 2021), solubilisation of
phosphorus from soil rocks, making it more accessible to
plants, and facilitation of the transfer of nitrogen by hyphae
connecting insect exoskeletons to plant roots (Barelli et al.,
2019). A common effect on plant development is increased
root growth (Liao et al., 2017; Batista et al., 2021), which
was no observed in this study using B. bassiana and
M. anisopliae fungi.

The absence of significant differences in fresh and dry
biomass, despite observed increases in plant height, number
of leaves, and branches, may be explained by a decoupling
between morphological changes and biomass accumulation
during early plant development. In young plants, increases
in height and organ number often reflect alterations in
growth patterns driven by hormonal modulation—such
as auxin-mediated elongation and branching—rather
than actual biomass gain (Taiz et al., 2017; Baron and
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Rigobelo, 2021). Endophytic fungi like Beauveria bassiana
and Metarhizium anisopliae are known to influence plant
architecture through phytohormone production and
signaling, promoting shoot elongation and leaf initiation
without necessarily increasing carbon assimilation or
biomass allocation in the short term (Liao et al., 2017; Tall
and Meyling, 2018). Additionally, biomass accumulation
depends on longer-term carbon balance and resource-use
efficiency, which may not yet be fully expressed within
the 45-day evaluation period (Poorter et al., 2012). It is
also possible that changes in biomass partitioning—such
as allocation between shoots and roots—masked treatment
effects on total biomass, resulting in non-significant
differences even when morphological traits were affected
(Poorter et al., 2012; Baron and Rigobelo, 2021).

Although the mechanism underlying this increase in plant
growth has not been fully elucidated, entomopathogenic fungi
have been observed to produce siderophores and organic
acids, which can alter the bioavailability of various nutrients
(Liaoetal.,2017).In addition, studies on endophytic fungus-
plantinteractions have revealed that the positive effects may
result from nutrient fixation from the soil, the production of
bioactive metabolites, or the regulation of hormones such
as auxin and ethylene, which can trigger eucalyptus defense
mechanisms against various biotic stresses.

5. Conclusions

The cuticular characteristics of Eucalyptus plants were a
potential explanation for the success of fungal inoculation, with
alower colonization rate observed for B. bassiana. The positive
tritrophic association resulted in increased morphological
characteristics, such as plant height, number of branches and
number of leaves in the Eucalyptus plants studied. In view of
this, we believe that future work should seek to understand
which metabolites are being produced or not, and how the
dynamics between them are favoring the growth of eucalyptus
plants. Another interesting path to follow is to evaluate the
performance of these colonized plants against insect pests,
since endophytic isolates of B. bassiana and M. anisopliae
have potential as biocontrol agents, promoting plant growth
and preventing pathogen infestation in Eucalyptus forest
crops. Moreover, the increased plant vigor resulting from
the observed morphological changes suggests a promising
avenue for utilizing endophytic isolates of B. bassiana and
M. anisopliae to enhance Eycalyptus forest producitivity, while
simultaneously reducing pathogen pressure.
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Supplementary Material

Supplementary material accompanies this paper.

Table S1. Summary of deviance analysis for counting of endophytic colonization by B. bassiana and M. anisopliae
15, 30, and 45 days after inoculation (d.a.i.) in different parts of Eucalyptus plants. The pseudo R2 was calculated
considering McFadden’s proposal (1972).

Table S2. Summary of the analysis of variance for the traits of plant height (in cm), stem diameter (in mm), number
of branches and number of leaves for the three fungi, two methods and four times evaluated in Gurupi (TO), 2020.
SD stands for standard deviation.

Table S3. Summary of the analysis of variance for the fresh biomass (shoot, root and total, in grams) and dry biomass
(shoot, root and total, in grams) for the three fungi, two methods and four times evaluated in Gurupi (TO), 2020.
SD stands for standard deviation.

Figure S1. Average temperature (black line), minimum temperature (green line), maximum temperature (red line) and
precipitation (blue column) during the experiment in Gurupi (TO), between 2020-03-17 and 2020-05-01 (Sparks, 2018).

Figure S2. Inoculation methods used for B. bassiana and M. anisopliae via foliar spraying (A) and stem injection (B) in
150-day-old Eucalyptus plants. (C) Plants covered with plastic bags. (D) Sealing of the injection site with micropore tape.

This material is available as part of the online article from https://doi.org/10.1590/1519-6984.306757
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