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Abstract

Key message This study demonstrates the potential of Beauveria bassiana (Bals.—Criv.) Vuill. to control Bursaphelen-
chus mucronatus (Mamiya and Enda), which is close to Bursaphelenchus xylophilus (Steiner and Buhrer) Nickle but is a
non-quarantine pathogen and, therefore, may be used as an alternative organism on which to perform in vivo assays
without biological risk.

Context Pine wilt disease (PWD) is a serious threat for conifer forests worldwide. It is caused by Bursaphelenchus
xylophilus, the pine wood nematode (PWN). In affected areas, eradication and subsequent disease containment meas-
ures are being implemented. The latter are, to date, based on control strategies for the insect vectors (Monochamus
spp.) and on screening for genetic resistance in tree hosts. However, an integrated pest management strategy which
also implements nematode control is still not fully developed.

Aims This study aimed to use Bursaphelenchus mucronatus, as an organism on which to demonstrate the nematicidal

potential of Beauveria bassiana, an entomopathogenic fungus successfully tested on Monochamus spp., on PWN
under in vivo conditions.

Methods To this end, a pathosystem was built to simulate these conditions and to bring the nematode B. mucrona-
tus, the insect vector, and the fungus into contact.
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Results The results show (i) very similar responses of the two nematodes confronted to the fungus and its myco-
toxin beauvericin under in vitro conditions and (i) a remarkable antagonistic effect of B. bassiana on B. mucronatus
also on the abovementioned pathosystem (in vivo conditions).

Conclusion Our findings have significant implications for the pine wilt disease control. In particular, this study
demonstrates the potential of B. bassiana as a biological control tool to be implemented in a future integrated disease

management strategy.

Keywords Pine wilt disease, Integrated management, Biological control, Nematophagous fungi

1 Introduction

Bursaphelenchus xylophilus (Steiner & Buhrer) Nickel,
a member of the plant-parasitic nematode group (PPNs),
threatens coniferous forests worldwide. This pathogen
prompts gradual decay of affected trees, resulting in the
development of pine wilt disease and ultimately leading
to the death of the trees. While believed to have origi-
nated in North America, the first documented detection
of PWN was in Japan during the early twentieth century.
From there, the pathogen rapidly propagated to various
other Asian countries (Kim et al. 2020). In the late 1990s,
PWN was introduced to Europe through Portugal (Mota
et al. 1999), causing substantial damage across more than
30% of the nation’s forest area. Currently, several Spanish
regions—specifically Extremadura, Galicia, and Castilla y
Le6én—are dealing with its impact (Zamora et al. 2015).
The pathogen is classified as a quarantine pest in Europe
(List A2) (EPPO 2016) due to its high pathogenicity and
transmissibility. Furthermore, it is anticipated that the
PWD will exacerbate under projected climate change
scenarios (Hirata et al. 2017; De la Fuente et al. 2018;
Tang et al. 2021).

The PWN needs an insect vector to translate from dead
or dying trees to healthy ones, specifically beetles from
the genus Monochamus (Coleoptera: Cerambycidae), M.
galloprovincialis Olivier in Europe (Akbulut & Stamps
2012; Naves et al. 2016). The spread is mainly conducted
by these insects through feeding (Mamiya and Enda
1972) and, once the nematodes have entered the tree,
they lodge in the resiniferous canals and feed on epi-
thelial and parenchymal cells, triggering a host response
which leads to disruption of water transport and rapid
death by cavitation (Fukuda and Suzuki 1988; Hara et al.
2006).

Up to now, the main eradication measure in the EU,
if the presence of B. xylophilus is confirmed in a tree,
is the felling of all individuals within the clear-cut area
of 500 m radius (European Commission 2012; MAPA
2020). Subsequent management in the demarcated areas
is based on strategies for mitigating the disease that have
revolved around the pursuit of genetic resistance within
the host trees and the management of disease transmis-
sion by reducing populations of the insect vector. The

earliest breeding programs for genetic resistance were
developed in Japan back in 1978, specifically targeting
Pinus thunbergii Parl. and P. densiflora Siebold and Zucc.
and obtaining high rates of post-inoculation survival for
both species (Fujimoto and Ohba 1981; Toda and Kuri-
nobu 2002). Since then, numerous similar programs have
been implemented, spanning across various tree spe-
cies like P massoniana Lamb. in China (Liu et al. 2017;
Zhu et al. 2021), P. pinaster Aiton in Portugal and Spain
(Gaspar et al. 2017; Carrasquinho et al. 2018; Menéndez-
Gutiérrez et al. 2018), and P. radiata D. Don in Spain
(Zas et al. 2015; Menéndez-Gutiérrez et al. 2021). In
terms of insect vector control, several strategies have
been developed to reduce M. galloprovincialis popula-
tions starting by mass trapping combining pheromone
and kairomones (Alvarez-Baz et al. 2016; Galloprotect
2D®), followed by the use of entomopathogenic fungi
(Naves et al. 2008; Petersen-Silva et al. 2015; Alvarez-Baz
et al. 2015) and finally the development of an auto-infec-
tion device based on the combined use of the attractant
and the entomopathogenic fungi (Sacristan-Velasco et al.
2018; Sacristan-Velasco and Martin-Garcia, 2024). Thus
far, only the use of mass trapping has been implemented
widely, but successful field trials have been performed
combining this system with the auto-infection device and
powdered formulations of an entomopathogenic fungus
(J. Martin-Garcia, unpublished data).

Despite progress in those areas, an effective inte-
grated management technique for this disease including
also nematode control has not yet been fully developed.
Advances towards this goal have been made with studies
on the effect of fungi on different PPNs (Mankau 1980;
Askary 2015; Abd-Elgawad and Askary 2018). For PWN,
the most studied antagonistic fungal species is Esteya
vermicola ].Y.Liouy, ].Y.Shih and Tzean, with a well-proven
efficacy against this pathogen (Kubdatova et al. 2000; Wang
et al. 2008, 2009, 2018; Lin et al. 2013; Pires et al. 2022).
Likewise, other fungal genera such as Verticillium spp. or
Trichoderma spp. have exhibited nematicidal effect on
PWN populations too (Maehara and Futai 2000). Espe-
cially noteworthy is the proven nematicidal effect of
different species of the genus Beauveria on PWN popula-
tions (Sdnchez-Gomez et al. 2023). This genus has also a
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widely demonstrated entomopathogenic effect on M. gal-
loprovincialis, insect vector of PWN (Naves et al. 2008;
Petersen-Silva et al. 2015; Alvarez-Baz et al. 2015). This
is why it might serve as an efficient contributor for the
future integrated pest management. However, this poten-
tial control method has not been examined in depth, let
alone with in vivo assays simulating forests conditions.
This paucity of studies under in vivo conditions, par-
ticularly in Europe, may be due to the risk involved when
bringing PWN into contact with the insect vector that
requires working in safety laboratories. Therefore, the
option of working with a closely related pathosystem
(Robinson, 1976; Gleason et al. 2013) which includes a
similar nematode species but not classified as a quaran-
tine pathogen is seen as a good option to minimize this
risk. Within the genus Bursaphelenchus, B. mucronatus
(Mamiya and Enda) is taxonomically very close to B. xylo-
philus (Braasch 2001, 2004; Bolla and Wood 2004; Pereira
et al. 2013). Due to their morphological and biological
similarities, both species belong to the xylophilus-group,
according to the most widely accepted Bursaphelenchus
spp. classifications (Ryss et al. 2005; Braasch and Schon-
feld 2015). In fact, the two species are so close that they
may even hybridize, although F1 hybrids failed to gener-
ate genetically separated offsprings in further generations
(Liu et al. 2019; Li et al. 2021). Concerning pathogenic-
ity, although B. mucronatus can also cause damage to
pine seedlings in nurseries (Bakke et al. 1991; Tomminen
1993), it is much less pathogenic than its relative B. xylo-
philus (Mamiya 1999) and is not classified as a quaran-
tine organism. For these reasons, B. mucronatus may
be an ideal candidate for risk-free in vivo assays whose
results could eventually be extrapolated to B. xylophilus.
Many nematicidal fungi excrete specific secondary
metabolites known as mycotoxins (Anke and Sterner
1997, 2002; Li et al 2007; Anke 2011; Baazeem et al. 2021;
Seong et al. 2021; Li et al. 2023). The most studied myco-
toxin from genus Beauveria is beauvericin (BEA) and is
probably its prime mechanism of action against nema-
todes. More specifically, it can be stated that the natural
production of this mycotoxin by the strain of B. bassiana
(Bals.—Criv.) Vuill. used in the present study was con-
firmed in previous experiments (Sinchez-Gdémez et al.
2023). Chemically, BEA is defined as a cyclic hexadepsi-
peptide consisting of alternating D-a-hydroxy-isovaleryl-
(2-hydroxy-3-methylbutanoic acid) and amino acid units,
and its toxicity was first tested on the crustacean Arte-
mia salina L. (Hamill et al. 1969) but soon found to have
insecticidal (Grove and Pople 1980; Gupta et al. 1991;
Ganassi et al. 2002; Leland et al. 2005; Fornelli et al. 2004)
and nematicidal effects, demonstrated first on Meloido-
gyne incognita Kofoid and White (Mayer 1995) and later

Page 3 of 13

on Caenorhabditis elegans Maupas (Shimada et al. 2010)
and PWN (Shimada et al. 2010).

All these in vitro proofs suggest that Beauveria spp.
could be a potential control option against not solely the
PWN insect vector, but additionally against the nema-
tode itself. However, its nematicidal effect needs to be
corroborated also under in vivo conditions. The goals
of the work presented here were (i) to demonstrate
that B. mucronatus can be used as a baseline to eventu-
ally extrapolate the results to B. xylophilus. To attain
that objective, a similar behavior of B. mucronatus and
B. xylophilus against B. bassiana and commercial BEA
should be corroborated during in vitro experiments,
especially in terms of reproduction and mortality and,
if this assumption was confirmed, (ii) test the effect of
B. bassiana on the pathosystem (tree-insect-nematode)
based on B. mucronatus simulating natural conditions in
laboratory, which could shed light on the potential of this
fungus as a biological control tool against B. xylophilus
populations.

2 Material and methods
2.1 Nematode, fungal and insect species used

for the assays
B. xylophilus and B. mucronatus strains used were CSF-
N-1 and CSE-N-17, respectively. Both strains come
from the Forest Health Centre Calabazanos. The nema-
todes were grown using glass vials [28 mm (0), 43 mm
(h), 25 mL (V)] with medium composed of hulled barley
(autoclave sterilized 121 °C, 20 min) and non-sporulating
Botrytis cinerea Pers.:Fr. Growing methods for Bursap-
helenchus species are not standardized, but cultivation
with B. cinerea grown on barley is the most widely used
(Aikawa and Kikuchi 2007; Espada et al. 2016; Pimen-
tel et al. 2020) and the one recommended by EPPO
(2013). The vials were kept at 25 °C with the cover gjar,
always with oxygen flow inwards, and under continuous
darkness.

The fungal strain used as antagonist for in vitro and
in vivo assays was B. bassiana EABps 11/01-Mg, culti-
vated using potato dextrose agar medium (PDA Schar-
lau, Spain). EFla and ITS classification of several strains
of Beauveria species (B. bassiana and B. pseudobassiana
S.A.Rehner and R.A.Humber) were modified in GenBank
a few years ago (see accession numbers AY531938.1 and
AY531931). So, the isolate EABps 11/01-Mg was wrongly
identified by Alvarez-Baz et al. (2015) as B. pseudobassi-
ana based on the homology of the isolates AY531938.1
and AY531931 (previously identified as B. pseudobassi-
ana and currently B. bassiana). However, we have ana-
lyzed the isolate EABps 11/01-Mg again (EFla and ITS)
and checked it in GenBank, and it should be classified
as B. bassiana. In the case of in vivo trials, Ophiostoma
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Fig. 1 AVials used for the in vitro tests on barley and mycelia. B Vials with B. cinerea before extraction, with the highest reproduction rate

of nematodes

minus (Hedgc.) Syd. and P.Syd (strain 259 INIA, cul-
tivated using PDA) was used to inoculate the artificial
pupation chambers with the aim of facilitating the sur-
vival and distribution of the nematodes in the wood prior
to the insect loading phase (Pimentel et al. 2020; Vicente
etal. 2021).

The insect species used for the in vivo pathosystem was
M. galloprovincialis, the vector of PWN in Europe. Their
colonies came from 110 logs 1.20 m long of Pinus sylves-
tris L., placed in groups of 10 logs in eleven different loca-
tions around Tabuyo del Monte (Leén, Castilla y Ledn,
Spain) in early summer 2021 and baited with the attract-
ant GALLOPROTECT 2D® to ensure colonization. Five
months later, in November 2021, they were moved to a
fully enclosed mesh cage and left there until larvae were
needed in spring 2022 (see Sect. 2.4). Larvae extraction
from inside the wood was carried out, on a workbench,
using an electric saw to cut off wood discs. Once the
internal chamber was localized, the larva was carefully
extracted with entomological forceps.

2.2 In vitro antagonism tests of B. bassiana on B. xylophilus
and B. mucronatus populations
Thirty glass vials, with 3 g hulled barley and 3 mL dis-
tilled water were initially autoclave sterilized (121 °C,
20 min). Fifteen vials were used for the assay with B. xylo-
philus and the other fifteen for B. mucronatus. Within
each trial, 3 treatments with 5 replicates each were estab-
lished: B. bassiana EABps 11/01-Mg, B. cinerea (positive
growth control) and mock inoculated (negative growth
control). A mycelium plug of each fungus was introduced
into each vial, except for mock inoculated treatment,
in which a plug of PDA was added, and left to grow for
13 days. After this growth period, a 100-pL aliquot with
270 nematodes was added to each vial and they were kept
for a further 13 days at 25 °C and continuous darkness

(Fig. 1). Finally, the extraction of the nematodes from
the vials was conducted according to a slightly modified
version of the Baermann funnel technique (Baermann
1917). A tea filter (M-size, Finum®) was placed with the
content of each vial on an autoclaved beaker. The con-
tent was covered with autoclaved distilled water, so that
the nematodes pass through the filter and remain in a
clean aqueous suspension. After 24 h, they were washed
with distilled water using a nylon sieve of 18 pm mesh
size (NY-0073-Labopolis, Spain). The nematodes were
retained by the sieve, washed with a washing bottle, and
finally resuspended into 55 mm (@) Petri dishes. Three
100-pL aliquots of each replicate were counted to deter-
mine nematode concentration, using a counting grid and
a stereo microscope with dimmable bottom light.

2.3 Nematicidal effect of commercial BEA on B. xylophilus
and B. mucronatus populations

The effect of commercial BEA (Merck Life Science S.L.U,
USA) was tested on B. xylophilus and B. mucronatus. The
assays were performed in Eppendorf tubes previously
autoclave sterilized at 121 °C for 20 min, with eight rep-
licates per treatment. The mycotoxin was tested at 1 mM
concentration, using 5% dimethyl sulfoxide (DMSO) as
solvent. For the control treatment, only 5% DMSO was
used (Fig. 2). The mycotoxin concentration was chosen
based on previous studies (Shimada et al. 2010). The sol-
vent and its concentration were determined after sev-
eral pre-trial tests. Once solutions have been prepared, a
75-pL aliquot of the nematode suspensions (~400 nem-
atodes mL™!) were added to each tube, and initial live
nematodes were counted, taking this volume into account
when adjusting the concentrations. A small hole was
made in the top of each tube with a heated entomologi-
cal pin, to ensure oxygen flow, and the rack was covered
with aluminum foil for continuous dark conditions. The
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Fig. 2 Control (DMSO 5%) and treatment (DMSO 5%+ BEA 1 mM)
solutions used in the BEA test on B. mucronatus

assay was incubated at 25 °C for 48 h, and each tube was
vortex mixed once per day to resuspend the nematodes.
After 2 days, the contents of each tube were poured on a
grid and the live nematodes counted.

2.4 In vivo tests to corroborate the nematicidal effect of B.
bassiana on B. mucronatus under natural conditions
For the in vivo tests, 100 artificial pupal chambers were
built using Pinus sylvestris branches from 4 to 6 cm
diameter. They were cut to 7.5 cm in length, and a hole
1 ¢cm in diameter and 5 cm in deep was drilled in the
center (Aikawa et al. 2003). This central hole was then
used for inoculations with fungal spore and nematode
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suspensions and finally for introducing the larvae. These
chambers were autoclaved at 121 °C for 20 min and then
inoculated with 1 mL of a spore suspension (10° spores
mL™Y) of Ophiostoma minus (strain INIA 259) to favor
de survival of the nematodes. This suspension was pre-
pared by adding 3-4 mycelium plugs in an Erlenmeyer
with PDB and stirring at 130—150 rpm for 7 days at room
temperature.

Chambers inoculated with O. minus were kept in a
box with high relative humidity until pycnidia started to
appear on the surface (Fig. 3A). At this moment, nema-
tode inoculation was carried out by introducing 2500
nematodes from a fresh suspension into each chamber.
In all cases, the volume introduced ranged from 0.7 to
1 mL, depending on the concentration of the particu-
lar suspension (Fig. 3B). Once the nematodes and water
were absorbed into the wood, the larva was placed inside
the artificial pupal chamber, head downwards (Fig. 3C).
Finally, the chambers were covered with black cardboard
to achieve total darkness. It should be noted here that the
larvae were previously quick washed with 70% ethanol
and distilled water to remove any external contamination
they might bring from the logs of origin.

The insects continued their development inside the
artificial chambers, which were placed in glass jars with
the lid pierced, and these jars in turn inside boxes with
high relative humidity. Imagoes emergence was grad-
ual, always lasting between 15 and 30 days from larva

Fig. 3 A Artificial pupal chamber inoculated with Ophiostoma minus. B. Inoculation with the nematode suspension C Introduction of the larvae.
D Inoculation of the insect-nematodes pathosystem with Beauveria bassiana EABps 11/01-Mg spore suspension. E Maintenance and feeding
of the insect. F Extraction of final live nematodes from the imago (modified version of the Baermann funnel technique)
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Fig. 4 Insect dissecting for nematode filtration (separation of head,
thorax, abdomen and elytra)

introduction. For the trials, the insect pairs with the clos-
est emergence dates were chosen, one of them serving
as control and the other as treatment with B. bassiana
EABps 11/01-Mg. To check if imagoes emerged loaded
with nematodes, the first 10 insects were taken, and
extractions were carried out. In all cases, we obtained a
large number of nematodes from inside them.

B. bassiana EABps 11/01-Mg spore suspension was
prepared by adding 3—4 mycelium plugs in an Erlenmeyer
with PDB and stirring at 130-150 rpm for 5 days at room
temperature. To achieve the desired concentration (10®
spores mL_l), it was necessary to concentrate the spores
by centrifuging for 25 min at 4400 rpm and removing
the supernatant. Finally, the spores were counted using a
Neubauer chamber, and the concentration was adjusted
using polysorbate 80 (Tween 80®) 1% as diluent, an emul-
sifying compound that helps the spores to stick onto the
body of the insect. For the control treatments, Tween 80
1% without spores was used.

Inoculation with B. bassiana was carried out according
to the methodology of Alvarez-Baz et al. 2015. (Fig. 3D).
Afterwards, the insect was placed in an individual auto-
claved glass jar with a pierced lid and food (Fig. 3E) for
3 days, time waited until the nematodes were extracted.
The choice of a right intermediate time, sufficient to
ensure the germination of B. bassiana spores and the
growth of the hyphae inside the insect, but not causing
the death of the imago, was indispensable, since the inter-
est was to test the effects of the fungus on nematodes
prior to the death of the insect (Liu et al. 2015; Sacristdn-
Velasco et al. 2018). The extraction (Fig. 3F) and counting
of final live nematodes after these 3 days were performed
as indicated in Sect. 2.2, in this case dissecting the insect
prior to filtration, separating head, thorax, abdomen,
and elytra (Fig. 4). In case nematodes were not obtained,
extractions were made from the food (that is, from the
small wood pieces) to test whether the nematodes were
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transmitted to the wood by insect feeding during this
short period.

2.5 Statistical analysis

One-way analysis of variance (ANOVA) and multiple
comparison procedures were performed to test the
effects of B. bassiana and commercial BEA on nema-
tode populations. The ANOVA assumptions (nor-
mality and homogeneity of variances) were tested
in each analysis by the Shapiro and Bartlett tests.
When neither assumption was violated, classical one-
way ANOVA and Tukey’s HSD tests was applied.
When at least one of these assumptions was violated,
robust statistical methods were applied (Garcia-Pérez
2010). Heteroscedastic one-way ANOVAs were per-
formed using the generalized Welch procedure and a
0.1 trimmed mean transformation. T-tests and Wil-
coxon tests (when normality and/or homoscedasticity
assumptions were violated) were carried out in order
to corroborate the lack of significant differences in
the response of the two nematode species to the treat-
ments with B. bassiana and BEA commercial. All
analyses were carried out using the Wilcox’ Robust
Statistics (WRS2) package implemented in the R soft-
ware environment (R Core Team 2024). The primary
dataset generated and used for the analysis of this
study is available in the Zenodo repository (Sanchez-
Gomez 2024).

3 Results
3.1 In vitro antagonism tests of B. bassiana on B. xylophilus
and B. mucronatus populations

The results from in vitro experiments on B. xylophi-
lus revealed significant differences among treatments
(F=38.9; p<0.001). Growth of PWN populations
was strongly inhibited by the presence of B. bassiana
(p<0.01). The same pattern was followed in the case of
in vitro tests on B. mucronatus, showing also signifi-
cant differences between treatments (F=15.8; p=0.02)
and a strong reproductive inhibition of B. bassiana on
this nematode species (p=0.04). It is important to note
that, in both cases, treatment with B. bassiana not only
stopped reproduction but also resulted in high mortal-
ity of the initial introduced populations. In the negative
growth control (PDA), the nematodes remained alive
and even reproduced (final average population of B.
xylophilus: 2761 +480; B. mucronatus: 324+ 81). In con-
trast, in the positive growth control (B. cinerea), a final
population exponentially higher than the initial one was
garnered (B. xylophilus: 165,314+22,217; B. mucrona-
tus: 50,333+13,782). Regarding the treatment with B.
bassiana, the reproduction of the nematodes was totally
inhibited (B. xylophilus: 30 + 19; B. mucronatus: 4 +4) and
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Fig. 5 B xylophilus and B. mucronatus final live populations under negative growth control (PDA), positive growth control (8. cinerea) and B. bassiana
EABps 11/01-Mg. Bars with different letters indicate significantly different means (a=0.05)

a mortality rate close to 100% was obtained (B. xylophi-
lus: 89.0%; B. mucronatus: 98.5%) (Fig. 5).

3.2 Nematicidal effect of commercial BEA on B. xylophilus
and B. mucronatus populations

The results showed a significant nematicidal effect of the
BEA commercial 1 mM treatment on both B. xylophi-
lus (F=58.6; p<0.001) and B. mucronatus populations
(F=12.7; p<0.01) (Fig. 6). A comparison of the same
results in terms of corrected mortality (and standard-
ized according to the mortality of the controls in each
case) shows that the corrected mortality rates of the BEA
1 mM treatments are 44.1% (B. xylophilus) and 36.4% (B.
mucronatus).

It should be also noted that, during the final visual
evaluation of individuals undergoing BEA treatment, a
brownish “encapsulation” was observed on B. xylophi-
lus and B. mucronatus (Fig. 7).

All the results described in Sect. 3.1. and Sect. 3.2.
lead to a single conclusion: B. mucronatus and B.
xylophilus have very similar response patterns fac-
ing the fungi B. bassiana and the commercial myco-
toxin BEA, at least in terms of reproduction and
mortality. In order to statistically support these state-
ments, a comparison of means between each of the
analogue treatments of the different trials with both
nematode species was carried out. These analyses

corroborate that there are not significant differences in
the responses of B. xylophilus and B. mucronatus to B.
bassiana (W=16; p=0.37). In the case of the commer-
cial mycotoxin BEA, a higher mortality was found in B.
xylophilus (PWN) (¢=6.37; p<0.001). Consequently,
the in vivo assays were performed only with the spe-
cies B. mucronatus, assuming that results could even-
tually be extrapolated to B. xylophilus.

3.3 Invivo tests to corroborate the nematicidal effect of B.
bassiana on B. mucronatus

Initial results obtained from in vivo tests suggest a poten-
tial nematicidal effect of B. bassiana on phoretic B.
mucronatus populations found in M. galloprovincialis
individuals (F=3.8; p=0.08). As it can be seen in Fig. 8,
while the average number of nematodes obtained from
the control treatment insects was 691 (per individual),
this value only reached 267 in the case of the B. bassiana
treatment, i.e., the final live population was three times
smaller.

4 Discussion

4.1 In vitro antagonism tests of B. bassiana on B. xylophilus
and B. mucronatus populations

As noted above, the effects produced by B. bassiana on

B. xylophilus and B. mucronatus are uncannily similar:

total inhibition of reproduction and mortality close
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to 100% (Fig. 2). These results were to be expected,
given that the nematicidal potential of this fungus
has already been tested on the genus Bursaphelenchus
(Youssef et al. 2020; Ye et al. 2021; Karaborklii et al.
2022; Sanchez-Goémez et al. 2023) and B. mucronatus
and B. xylophilus are morphological and biologically
very similar (Braasch 2001, 2004; Bolla and Wood
2004; Pereira et al. 2013),

Therefore, according to these results, we can state
that the effect of this fungal strain under controlled
conditions is practically identical on the two nematode
species.

It is widely known that both nematode species are
mycophagous, at least in one of the stages of their life
cycle in the case of B. xylophilus (Vicente et al. 2012;
Pimentel et al. 2023). This ability to feed on wood-
decaying fungi leads to an increase in the development
of populations in the presence of B. cinerea (positive
growth control), while the growth in PDA (negative
growth control) was much lower since, in this latter
case, the nematodes lack food from the beginning.

There are not many studies of fungal species isolated
from or tested as antagonists on B. mucronatus. Some
of them refer to the genera Arthrobotrys (Minghe et al.
2002; Zhang et al. 2021) or Dactylellina (Zhang et al.
2021). In this regard, it is worth mentioning the study
of Oh et al. (2014), which is the only one (to our knowl-
edge) that studies the nematicidal effect of B. bassiana
on B. mucronatus. This latter study also demonstrated
this effect from the fungal species Auxarthron reticu-
latum (Zukal) G.F.Orr and Plunket and Verticillium
saksenae Kushwaha. Our study has, therefore, an added
value in this regard, as it contributes to the scarce
knowledge in this area.

4.2 Nematicidal effect of commercial BEA on B. xylophilus
and B. mucronatus populations

The disruptive effect of the mycotoxin BEA has already
been tested B. xylophilus (Shimada et al. 2010; Sinchez-
Gomez et al. 2023). Although the nematicidal activity
of some plant metabolites, such as chamaechromone
60, umbelliferone 320, and daphnoretin 321, has been
tested and corroborated on B. mucronatus (Li and
Zhang 2023), there are no published works, as far as we
know, on the effect of fungal metabolites on this nema-
tode species.

The brownish “encapsulation” mentioned in the
Sect. 3 was also observed in BEA assays on B. xylophilus
(Sanchez-Goémez et al. 2023). The precise mechanism by
which BEA affects animal cells remains not fully under-
stood. However, it appears to be associated with its iono-
phoric activity, promoting heightened ion permeability
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across biological membranes, thus inducing oxidative
stress at the molecular level (Mallebrera et al. 2018).
Therefore, the appearance of these tawny “capsules”
could potentially derive from the interaction between
BEA molecules and nematode epicuticle lipids.

4.3 In vivo tests to corroborate the nematicidal effect of B.
bassiana on B. mucronatus under in vivo conditions
The results of the in vivo tests are of particular impor-
tance since they show that B. bassiana EABps 11/01-Mg
strain has a nematicidal effect not only under in vitro
conditions but also under simulated natural conditions.
This is the same strain used years ago by the research
group for the successful field trials to reduce the vector
populations (M. galloprovincialis). The effective meth-
odology followed for this purpose consists of placing
CROSSTRAP® traps, baited with the attractant GAL-
LOPROTECT 2D® (as explained in the introduction, also
developed by the group), with a specific collector at the
exit of the trap, called an auto-infection or auto-inocula-
tion device. This device consists of a cylindrical collector,
with a tube of a specific diameter placed on one side and
covered internally with felt. On this felt, the spore powder
formulation of B. bassiana EABps 11/01-Mg is dispensed
so that, when the Monochamus escapes from the trap
through this tube, the spores remain attached to its body,
thus acting as a natural disperser of the entomopatho-
genic fungus, allowing it to reach and infect other Mono-
chamus individuals. Such patented device demonstrated
a decrease up to 53% of offsprings in field experiments

(Sacristan-Velasco and Martin-Garcia, 2024).

Therefore, our in vivo trials demonstrate that the same
strain successfully tested in the field to decrease vector
populations could also contribute to the reduction of
nematode populations while they are in phoretic asso-
ciation with the vector, before the insect dies from the
infection itself. However, further in vivo tests should be
performed to corroborate these first results.

Regarding the efficiency of our methodology, although
it is true that the pathosystem created worked well as a
microenvironment to carry out tests, it must be consid-
ered that the intermediate losses of nematodes, insects,
and even pupation chambers due to contamination are
quite high. Of the 2500 nematodes initially introduced
into the pupal chamber, not all of them load on the
insect. The highest number of live nematodes obtained
from an insect-replica was 1666 individuals. Some
studies consider that the phoretic affinity between B.
mucronatus (as well as other species within the genus
Bursaphelenchus, such as B. okinawaensis) and the cer-
ambycid vector insects is not so strongly developed as
with B. xylophilus (Jikumaru, and Togashi 2003; Kirino
et al. 2023). In others, however, it is shown that there are
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no significant differences in the phoretic affinity with the
insect between B. mucronatus and B. xylophilus (Vin-
cent et al. 2008). Although there is not yet a clear answer
on this matter, in either case, our results suggests that
our methodology would work equally well or even bet-
ter with B. xylophilus than with B. mucronatus. Aside
from the topic of affinity, and as expected, a percentage
of the nematodes died during the process, and others
remained in the wood of the pupation chamber. Regard-
ing the insects, of the 100 larvae initially extracted and
introduced into the pupation chambers, only 26 emerged
and were used, 10 for the nematode-insect approach
tests (see Sect. 2.4), and 16 for the test itself. The non-
emergence of some of the initially introduced insects had
already been indicated by Aikawa et al. (2003) where, out
of 75 larvae introduced, only 53 managed to emerge.

As already pointed out, there is a serious lack of in vivo
trials, probably due to the need of a safety laboratory or
greenhouse to put living insects and nematodes together
without any environmental risk. Furthermore, the few
existing ones (Arakawa and Togashi 2002; Togashi and
Arakawa 2003; Aikawa et al. 2003; Ohsawa and Akiba
2014) have not had in any case, to our knowledge, the
objective of testing fungi as a feasible biological con-
trol method of B. xylophilus. While further trials would
be needed to refine our methodology and support our
results, these first steps contribute as a cornerstone for
future in vivo trials in the scope of the biological control
of PWN.

5 Conclusions

Considering the high risk of spread of B. xylophilus and
the serious danger that this nematode species presents
to European pine forests, it is imperative to fully develop
an efficient and enforceable method for managing the
PWD. In this regard, our study has demonstrated that
B. bassiana EABps 11/01-Mg strain presents not only
entomopathogenic activity on M. galloprovincialis (Alva-
rez-Baz et al. 2015) but also a nematicidal effect. Thus, it
could be implemented in the forest alongside pheromone
traps and the previously mentioned self-infection device,
thereby creating an integrated management system for
PWD. This system would be particularly useful and inter-
esting in those regions or countries where B. xylophilus
is already established, not to eradicate the disease but to
manage it with a biological control strategy.

Acknowledgements

We thank to Dra. Rosa Raposo [National Institute for Agricultural and Food
Research and Technology (INIA) Madrid, Spain] for kindly providing the
strain Ophiostoma minus 259. We would also like to thank Ms. Irene Zunzu-
negui Pacho for the invaluable help with the technical tasks in the field and
laboratory.

Page 10 of 13

Authors’ contributions

All authors conceived and designed the experiment. T.5-G and PZ-B per-
formed the experiments. J.M-G analyzed the data. T.S-G. and J.M-G. wrote
the paper. All authors contributed to the article and approved the submitted
version.

Funding

This publication was supported and financed by the BBVA Founda-

tion (Beca Leonardo a Investigadores y Creadores Culturales 2020, Grant

No. ING_0140, Jorge Martin-Garcia). The Foundation takes no responsibility
for the opinions, statements, and contents of this project, which are entirely
the responsibility of its authors. T. S-G. Predoctoral Contract is financed by the
University of Valladolid and Banco Santander (CONTPR-2022-426, Call 2022).

Data availability

The primary dataset generated and analyzed during this study is available in
the Zenodo repository (https://doi.org/10.5281/zenodo.13912259).

This dataset can be cited independently as follows:

SANCHEZ-GOMEZ, T. (2024). Dataset_Sanchez-Gomez et al._2024_nematode
[Data set]. Zenodo. https://doi.org/10.5281/zenodo.13912259.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors gave their informed consent to this publication and its content.

Competing interests
The authors declare no competing interests.

Author details

'Department of Vegetal Production and Forest Resources, Sustainable Forest
Management Research Institute (iluFOR), University of Valladolid, Avda. Madrid
44, Palencia 34004, Spain. 2Department of Development and Environment,
JCyL. Poligono de Villamuriel, Forest Health Center of Calabazanos, General
Directorate of Natural Heritage and Forestry Policy, Forest Health Section,
Palencia, Villamuriel de Cerrato 34190, Spain. *Agroforestry Sciences Depart-
ment, University of Valladolid, Avda. de Madrid 57, Palencia 34004, Spain.

Received: 7 April 2024 Accepted: 14 January 2025
Published online: 13 February 2025

References

Abd-Elgawad MM, Askary TH (2018) Fungal and bacterial nematicides in
integrated nematode management strategies. Egypt J Biol Pest Control
28(1):1-24. https://doi.org/10.1186/541938-018-0080-x

Aikawa T, Kikuchi T (2007) Estimation of virulence of Bursaphelenchus
xylophilus (Nematoda: Aphelenchoididae) based on its reproductive
ability. Nematology 9(3):371-377. https://doi.org/10.1163/1568541077
81352007

Aikawa T, Togashi K, Kosaka H (2003) Different developmental responses of
virulent and avirulent isolates of the pinewood nematode, Bursaphelen-
chus xylophilus (Nematoda: Aphelenchoididae), to the insect vector,
Monochamus alternatus (Coleoptera: Cerambycidae). Environ Entomol
32(1):96-102. https://doi.org/10.1603/0046-225X-32.1.96

Akbulut S, Stamps WT (2012) Insect vectors of the pinewood nematode: a
review of the biology and ecology of Monochamus species. For Pathol
42(2):89-99. https://doi.org/10.1111/j.1439-0329.2011.00733 x

Alvarez-Baz G, Fernandez-Bravo M, Pajares JA, Quesada-Moraga E (2015)
Potential of native Beauveria pseudobassiana strain for biological control
of pine wood nematode vector Monochamus galloprovincialis. J Invertebr
Pathol 132:48-56. https://doi.org/10.1016/jjip.2015.08.006

Alvarez-Baz G, Gallego D, Hall DR, Jactel H, Pajares JA (2016) Combining phero-
mone and kairomones for effective trapping of the pine sawyer beetle
Monochamus galloprovincialis. J Appl Entomol 140:58-71. https://doi.org/
10.1111/jen.12297


https://doi.org/10.5281/zenodo.13912259
https://doi.org/10.5281/zenodo.13912259
https://doi.org/10.1186/s41938-018-0080-x
https://doi.org/10.1163/156854107781352007
https://doi.org/10.1163/156854107781352007
https://doi.org/10.1603/0046-225X-32.1.96
https://doi.org/10.1111/j.1439-0329.2011.00733.x
https://doi.org/10.1016/j.jip.2015.08.006
https://doi.org/10.1111/jen.12297
https://doi.org/10.1111/jen.12297

Sanchez-Gémez et al. Annals of Forest Science (2025) 82:4

Anke H (2011) Insecticidal and nematicidal metabolites from fungi in
industrial applications. In: Hofrichter M (ed) Industrial applications. The
mycota, vol 10. Springer, Berlin, pp 151-163. https://doi.org/10.1007/
978-3-642-11458-8_7

Anke H, Sterner O (1997) Nematicidal metabolites from higher fungi. Curr
Organ Chem 1:361-374

Anke H, Sterner O (2002) Insecticidal and nematicidal metabolites from fungi.
In: Osiewacz HD (ed) Industrial applications. The mycota, vol 10. Springer,
Berlin, pp 109-127. https://doi.org/10.1007/978-3-662-10378-4_6

Arakawa Y, Togashi K (2002) Newly discovered transmission pathway of Bursap-
helenchus xylophilus from males of the beetle Monochamus alternatus to
Pinus densiflora trees via oviposition wounds. J Nematol 34(4):396-404

Askary TH (2015) Nematophagous fungi as biocontrol agents of phytonema-
todes. In: Askary TH, Martinelli PRP (eds) Biocontrol agents of phytonema-
todes. CAB International, Wallingford, pp 81-125. https://doi.org/10.1079/
9781780643755.0081

Baazeem A, Almanea A, Manikandan P, Alorabi M, Vijayaraghavan P, Abdel-
Hadi A (2021) In vitro antibacterial, antifungal, nematicidal and growth
promoting activities of Trichoderma hamatum FB10 and its secondary
metabolites. J Fungi 7. https://doi.org/10.3390/jof7050331

Baermann G (1917) A simple method for the detection of Ankylostomum
(nematode) larvae in soil tests. In: Baermann G (ed) Mededelingen uit het
Geneeskundig Laboratorium te Weltevreden. Javasche Boekhandel and
Drukkerij, Batavia, p 41-47

Bakke A, Anderson RV, Kvamme T (1991) Pathogenicity of the nematodes
Bursaphelenchus xylophilus and B. mucronatus to Pinus sylvestris seedlings:
a greenhouse test. Scand J For Res. 6(1-4):407-412. https://doi.org/10.
1080/02827589109382678

Bolla RI, Wood R (2004) Pinewood nematode: pathogenic or political? In: Mota
M, Vieira P (eds) The pinewood nematode, Bursaphelenchus xylophilus.
Proceedings of an International Workshop, University of Evora, Portugal,
August 20-22, 2001. Nematology monographs and perspectives, vol. 1.
Brill, Leiden, p 31-54. https://doi.org/10.1163/9789047413097_009

Braasch H, Schonfeld U (2015) Improved morphological key to the species
of the xylophilus group of the genus Bursaphelenchus Fuchs, 1937. EPPO
Bulletin 45(1):73-80. https://doi.org/10.1111/epp.12174

Braasch H (2001) Bursaphelenchus species in conifers in Europe: distribution
and morphological relationships. EPPO Bulletin 31:127-142. https://doi.
0rg/10.1111/}.1365-2338.2001.tb00982.x

Braasch H (2004) Morphology of Bursaphelenchus xylophilus compared with
other Bursaphelenchus species. In: Mota M, Vieira P (eds) The pinewood
nematode, Bursaphelenchus xylophilus. Proceedings of an International
Workshop, University of Evora, Portugal, August 20-22, 2001. Nematology
monographs and perspectives, vol. 1. Brill, Leiden, p 127-143

Carrasquinho |, Lisboa A, Indcio ML, Gongalves E (2018) Genetic variation
in susceptibility to pine wilt disease of maritime pine (Pinus pinaster
Aiton) half-sib families. Ann For Sci 75:85. https://doi.org/10.1007/
$13595-018-0759-x

De la Fuente B, Saura S, Beck PS (2018) Predicting the spread of an invasive
tree pest: the pine wood nematode in Southern Europe. J Appl Ecol
55:2374-2385. https://doi.org/10.1111/1365-2664.13177

EPPO (2013) Diagnostics. PM 7/4 (3) Bursaphelenchus xylophilus. EPPO Bull
43:105-118. https://doi.org/10.1111/epp.12024

EPPO (2016) EPPO A1 and A2 lists of pests recommended for regulation as
quarantine pests. European and Mediterranean Plant Protection Organi-
zation, Paris

Espada M, Silva AC, Eves van den Akker S, Cock PJ, Mota M, Jones JT (2016)
Identification and characterization of parasitism genes from the
pinewood nematode Bursaphelenchus xylophilus reveals a multilayered
detoxification strategy. Mol Plant Pathol 17(2):286-295. https://doi.org/
10.1111/mpp.12280

Fornelli F, Minervini F, Logrieco A (2004) Cytotoxicity of fungal metabolites to
lepidopteran (Spodoptera frugiperda) cell line (SF-9). J Invertebr Pathol
85:74-79. https://doi.org/10.1016/}jip.2004.01.002

Fujimoto Y, Ohba K (1981) The first year results of the breeding of Japanese
pines for resistance to the wood nematode. In: Proceedings of the XVII
IUFRO World Congress. Kyoto, p 287-291

Fukuda K, Suzuki K (1988) Changes of water relation parameters in pinewood
nematode-infested Japanese red pine. J Jap For Soc 70:390-394. https://
doi.org/10.11519/jjfs1953.70.9_390

Page 11 of 13

Ganassi S, Moretti A, Pagliai AMB, Logrieco A, Sabatini MA (2002) Effects of
beauvericin on Schizaphis graminum (Aphididae). J Invertebr Pathol
80:90-96. https://doi.org/10.1016/50022-2011(02)00125-8

Garcia-Pérez A (2010) Métodos avanzados de estadistica aplicada. Métodos
robustos y de remuestreo. UNED Universidad Nacional a Distancia,
Madrid

Gaspar D, Trindade C, Usié A, Meireles B, Barbosa P, Fortes AM, Pesquita C,
Costa RL, Ramos AM (2017) Expression profiling in Pinus pinaster in
response to infection with the pine wood nematode Bursaphelenchus
xylophilus. Forests 8(8):279. https://doi.org/10.3390/f8080279

Gleason FH, Van Ogtrop F, Lilje O, Larkum AW (2013) Ecological roles of
zoosporic parasites in blue carbon ecosystems. Fungal Ecol 6(5):319-327.
https://doi.org/10.1016/j.funeco.2013.06.002

Grove JF, Pople M (1980) The insecticidal activity of beauvericin and the
enniatin complex. Mycopathologia 70:103-105. https://doi.org/10.1007/
BF00443075

Gupta S, Krasnoff SB, Underwood NL, Renwick JAA, Roberts DW (1991) Isola-
tion of beauvericin as an insect toxin from Fusarium semitectum and
Fusarium moniliforme var. subglutinans. Mycopathologia 115:185-189.
https://doi.org/10.1007/BF00462223

Hamill RL, Higgens C, Boaz HE, Gorman M (1969) The structure of beauvericin,
a new depsipeptide antibiotic toxic to Artemia salina. Tetrahedron Lett
10:4255-4258. https://doi.org/10.1016/50040-4039(01)88668-8

Hara N, Takeuchi Y, Futai K (2006) Cytological changes in ray parenchyma cells
of seedlings of three pine species infected with the pine wilt disease. Jap
J Nematol 36:23-32. https://doi.org/10.3725/jjn.36.23

Hirata A, Nakamura K, Nakao K, Kominam Y, Tanaka N, Ohashi H, Takano KT,
Takeuchi W, Matsui T (2017) Potential distribution of pine wilt disease
under future climate change scenarios. PLoS One 12. https://doi.org/10.
1371/journal.pone.0182837

Jikumaru S, Togashi K (2003) Boarding abilities of Bursaphelenchus mucronatus
and B. xylophilus (Nematoda: Aphelenchoididae) on Monochamus alter-
natus (Coleoptera: Cerambycidae). Nematology 5(6):843-849. https://doi.
org/10.1163/156854103773040745

Karaborkli S, AydinliV, Dura O (2022) The potential of Beauveria bassiana and
Metarhizium anisopliae in controlling the root-knot nematode Meloido-
gyne incognita in tomato and cucumber. J Asia Pac Entomol 25:101846.
https://doi.org/10.1016/j.aspen.2021.101846

Kim BN, Kim JH, Ahn JY, Kim S, Cho BK, Kim YH, Min J (2020) A short review
of the pinewood nematode, Bursaphelenchus xylophilus. Toxicol Environ
Health Sci 12:297-304. https://doi.org/10.1007/513530-020-00068-0

Kirino H, Maehara N, Shinya R (2023) How did Bursaphelenchus nematodes
acquire a specific relationship with their beetle vectors, Monochamus.
Front Physiol 14:1209695. https://doi.org/10.3389/fphys.2023.1209695

Kubétové A, Novotny D, Présil K, Mra“cek Z (2000) The nematophagous
hyphomycete Esteya vermicola found in the Czech Republic. Czech Mycol
52:227-235. https://doi.org/10.33585/cmy.52305

Leland JE, McGuire MR, Grace JA, Jaronski ST, Ulloa M, Park YH, Plattner RD
(2005) Strain selection of a fungal entomopathogen, Beauveria bassiana,
for control of plant bugs (Lygus spp.) (Heteroptera: Miridae). Biol Control
35:104-114. https://doi.org/10.1016/j.biocontrol.2005.06.005

Li GH, Zhang KQ (2023) Natural nematicidal metabolites and advances in
their biocontrol capacity on plant parasitic nematodes. Nat Prod Rep
40:646-675. https://doi.org/10.1039/D2NP00074A

Li GH, Zhang K, Xu J, Dong J, Liu Y (2007) Nematicidal substances from fungi.
Recent Pat Biotechnol 1:212-233. https://doi.org/10.2174/1872208077
82330165

LiYL, Fan CJ, Jiang XH, Tian XY, Han ZM (2021) Bursaphelenchus xylophilus: an
important pathogenic factor of pine wilt disease and its relationship with
Bursaphelenchus mucronatus. Plant Dis 105(10):3055-3062. https://doi.
org/10.1094/PDIS-02-21-0396-RE

Lin F, Ye J,Wang H, Zhang A, Zhao B (2013) Host deception: predaceous
fungus, Esteya vermicola, entices pine wood nematode by mimicking the
scent of pine tree for nutrient. PLoS One 8:271676. https://doi.org/10.
1371/journal.pone.0071676

Liu H, Zhao X, Guo M, Liu H, Zheng Z (2015) Growth and metabolism of Beau-
veria bassiana spores and mycelia. BMC Microbiol 15(1):1-12. https://doi.
0rg/10.1186/512866-015-0592-4

Liu Q WeiY, Xu L, Hao Y, Chen X, Zhou Z (2017) Transcriptomic profiling reveals
differentially expressed genes associated with pine wood nematode


https://doi.org/10.1007/978-3-642-11458-8_7
https://doi.org/10.1007/978-3-642-11458-8_7
https://doi.org/10.1007/978-3-662-10378-4_6
https://doi.org/10.1079/9781780643755.0081
https://doi.org/10.1079/9781780643755.0081
https://doi.org/10.3390/jof7050331
https://doi.org/10.1080/02827589109382678
https://doi.org/10.1080/02827589109382678
https://doi.org/10.1163/9789047413097_009
https://doi.org/10.1111/epp.12174
https://doi.org/10.1111/j.1365-2338.2001.tb00982.x
https://doi.org/10.1111/j.1365-2338.2001.tb00982.x
https://doi.org/10.1007/s13595-018-0759-x
https://doi.org/10.1007/s13595-018-0759-x
https://doi.org/10.1111/1365-2664.13177
https://doi.org/10.1111/epp.12024
https://doi.org/10.1111/mpp.12280
https://doi.org/10.1111/mpp.12280
https://doi.org/10.1016/j.jip.2004.01.002
https://doi.org/10.11519/jjfs1953.70.9_390
https://doi.org/10.11519/jjfs1953.70.9_390
https://doi.org/10.1016/S0022-2011(02)00125-8
https://doi.org/10.3390/f8080279
https://doi.org/10.1016/j.funeco.2013.06.002
https://doi.org/10.1007/BF00443075
https://doi.org/10.1007/BF00443075
https://doi.org/10.1007/BF00462223
https://doi.org/10.1016/S0040-4039(01)88668-8
https://doi.org/10.3725/jjn.36.23
https://doi.org/10.1371/journal.pone.0182837
https://doi.org/10.1371/journal.pone.0182837
https://doi.org/10.1163/156854103773040745
https://doi.org/10.1163/156854103773040745
https://doi.org/10.1016/j.aspen.2021.101846
https://doi.org/10.1007/s13530-020-00068-0
https://doi.org/10.3389/fphys.2023.1209695
https://doi.org/10.33585/cmy.52305
https://doi.org/10.1016/j.biocontrol.2005.06.005
https://doi.org/10.1039/D2NP00074A
https://doi.org/10.2174/187220807782330165
https://doi.org/10.2174/187220807782330165
https://doi.org/10.1094/PDIS-02-21-0396-RE
https://doi.org/10.1094/PDIS-02-21-0396-RE
https://doi.org/10.1371/journal.pone.0071676
https://doi.org/10.1371/journal.pone.0071676
https://doi.org/10.1186/s12866-015-0592-4
https://doi.org/10.1186/s12866-015-0592-4

Sanchez-Gémez et al. Annals of Forest Science (2025) 82:4

resistance in Masson pine (Pinus massoniana Lamb.). Sci Rep 7:4693.
https://doi.org/10.1038/541598-017-04944-7

Liu KC, Ben A, Han Z, Guo Y, Cao D (2019) Interspecific hybridization between
Bursaphelenchus xylophilus and Bursaphelenchus mucronatus. J for Res
30:699-707. https://doi.org/10.1007/511676-018-0658-x

Maehara N, Futai K (2000) Population changes of the pinewood nematode,
Bursaphelenchus xylophilus (Nematoda: Aphelenchoididae), on fungi
growing in pinebranch segments. Appl Entomol Zool 35:413-417.
https://doi.org/10.1303/aez.2000.413

Mallebrera B, Prosperini A, Font G, Ruiz MJ (2018) In vitro mechanisms of
beauvericin toxicity: a review. Food Chem Toxicol 111:537-545. https://
doi.org/10.1016/j.fct.2017.11.019

Mamiya Y (1999) Review on the pathogenicity of Bursaphelenchus mucrona-
tus. In: Sustainability of pine forests in relation to pine wilt and decline.
Proceedings of International Symposium, Tokyo, Japan, 27-28 October,
1998. 57-64. Ref. 28. Shokado Shoten. Kyoto

Mamiya Y, Enda N (1972) Transmission of Bursaphelenchus lignicolus (Nema-
toda: Aphelenchoididae) by Monochamus alternatus (Coleoptera: Cer-
ambycidae). Nematologica 18:159-162. https://doi.org/10.1163/18752
9272X00395

Mankau R (1980) Biocontrol: fungi as nematode control agents. J Nematol
12(4):244

MAPA (2020) Plan de Contingencia Nacional (Espafia) de Bursaphelenchus
xylophilus (Steiner and Buhrer). https://www.mapa.gob.es/es/agricultura/
temas/sanidad-vegetal/pnc_nmp_marzo_2020__sin_amarillo_tcm30-
525472.pdf

Mayer A (1995) Bekdmpfung von pflanzenparasitaren Nematoden der Gat-
tung Meloidogyne mit Pilzen und deren Toxinen. Ph.D thesis. University of
Kaiserslautern, Kaiserslautern

Menéndez-Gutiérrez M, Alonso M, Toval G, Diaz R (2018) Testing of selected
Pinus pinaster half-sib families for tolerance to pinewood nematode
(Bursaphelenchus xylophilus). Forestry 91:38-48. https://doi.org/10.1093/
forestry/cpx030

Menéndez-Gutiérrez M, Alonso M, Diaz R (2021) Assessing genetic variation in
resistance to pinewood nematode (Bursaphelenchus xylophilus) in Pinus
radiata D. Don Half-Sib Families. Forests 12:1474. https://doi.org/10.3390/
12111474

Minghe M, Wei Z, Minglian Z, Keqin Z (2002) Capacity of Arthrobotrys spp. to
capture nematodes Bursaphelenchus xylophilus and B. mucronatus in vitro.
Wei Sheng wu xue Tong bao 29(3):13-16

Mota M, Burgermeister W, Braasch H, Sousa E, Penas AC, Metge K, Sousa
E (1999) First report of Bursaphelenchus xylophilus in Portugal and in
Europe. Nematology 1:727-734. https://doi.org/10.1163/1568541995
08757

Naves PM, Sousa E, Rodrigues JM (2008) Biology of Monochamus galloprovin-
cialis (Coleoptera, Cerambycidae) in the pine wilt disease affected zone,
Southern Portugal. Silva Lusitana 16:133-148

Naves P, Bonifacio L, de Sousa E (2016) The pine wood nematode and its local
vectors in the Mediterranean basin. In: Paine T, Lieutier F (eds) Insects and
diseases of Mediterranean forest systems. Springer, Cham. https://doi.
org/10.1007/978-3-319-24744-1_12

Oh 1J, Ju WT, Kim YJ, Jung WJ, Kim KY, Park RD (2014) Occurrence of Bursap-
helenchus mucronatus (Nematoda: Aphelenchoididae) and the micro-
habitat distribution of fungi in declining pine trees in a locale in Korea.
Entomol Res 44(3):93-101. https://doi.org/10.1111/1748-5967.12054

Ohsawa M, Akiba M (2014) Possible altitude and temperature limits on pine
wilt disease: the reproduction of vector sawyer beetles (Monochamus
alternatus), survival of causal nematode (Bursaphelenchus xylophilus), and
occurrence of damage caused by the disease. Eur J for Res 133:225-233.
https://doi.org/10.1007/510342-013-0742-x

Pereira F, Moreira C, Fonseca L, van Asch B, Mota M, Abrantes I, Amorim A
(2013) New insights into the phylogeny and worldwide dispersion of
two closely related nematode species, Bursaphelenchus xylophilus and
Bursaphelenchus mucronatus. PLoS One 8(2):e56288. https://doi.org/10.
1371/journal.pone.0056288

Petersen-Silva R, Indcio L, Henriques J, Naves P, Sousa E, Pujade-Villar J (2015)
Susceptibility of larvae and adults of Monochamus galloprovincialis to
entomopathogenic fungi under controlled conditions. Int J Pest Manag
61:106-112. https://doi.org/10.1080/09670874.2015.1016472

Pimentel CS, Firmino PN, Ayres MP (2020) Comparison of methods to obtain
and maintain cultures of the pinewood nematode, Bursaphelenchus

Page 12 of 13

xylophilus. ) For Res 25(2):101-107. https://doi.org/10.1080/13416979.
2020.1745989

Pimentel C, Kha MR, Zheng Y, Quintanilla M (2023) Nematode problems in
forests and their sustainable management. In: Khan MR, Quintanilla M
(eds) Nematode diseases of crops and their sustainable management.
Academic Press, p 457-493. https://doi.org/10.1016/B978-0-323-91226-6.
00003-1

Pires D, Vicente CS, Inacio ML, Mota M (2022) The potential of Esteya spp. for
the biocontrol of the pinewood nematode, Bursaphelenchus xylophilus.
Microorganisms 10:168. https://doi.org/10.3390/microorganisms100101
68

R Core Team (2024) R: a language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna. URL: https://www.R-proje
ctorg/

Robinson RA (1976) Plant pathosystems. In: Advanced series in agricultural
sciences, vol 3. Springer, Berlin, Heidelberg. https://doi.org/10.1007/
978-3-642-66359-8_2

Ryss A, Vieira P, Mota M, Kulinich O (2005) A synopsis of the genus Bursap-
helenchus Fuchs, 1937 (Aphelenchida: Parasitaphelenchidae) with keys to
species. Nematology 7(3):393-458. https://doi.org/10.1163/1568541057
74355581

Sacristan-Velasco A, Bravo MDCF, Moraga EQ, Pajares JA (2018) Control
biolégico del vector del nematodo de la madera del pino Monocha-
mus galloprovincialis Olivier mediante autoinfeccién con el hongo
entomopatégeno Beauveria pseudobassiana SA Rehner and Humber.
Cuadernos Soc Espanola Ciencias for 44:147-168

Sacristan-Velasco A, Martin-Garcia J (2024) Dispositivo de autoinoculacion
para insectos del género Monochamus (Espafa, No. Modelo de Utilidad.
ES1306176U). Oficina Espafiola de Patentes y Marcas. https://consultas2.
oepm.es/InvenesWeb/detalle?referencia=U202330957

Sanchez-Gémez T, Harte SJ, Zamora P, Bareyre M, Diez JJ, Herrero B, Nifio-
Sanchez J, Martin-Garcia J (2023) Nematicidal effect of Beauveria species
and the mycotoxin beauvericin against pinewood nematode Bursap-
helenchus xylophilus. Front for Glob Change 6:1229456. https://doi.org/10.
3389/fgc.2023.1229456

Séanchez-Gomez T (2024) Dataset_Sanchez-Gomez et al._2024_nematode
[Data set]. Zenodo. https://doi.org/10.5281/zenodo.13912259

Seong J, Shin J, Kim K, Cho BK (2021) Microbial production of nematicidal
agents for controlling plant-parasitic nematodes. Process Biochem
108:69-79. https://doi.org/10.1016/j.procbio.2021.06.006

Shimada A, Fujioka S, Koshino H, Kimura Y (2010) Nematicidal activity of
beauvericin produced by the fungus Fusarium bulbicola. Z Naturforsch
65:207-210. https://doi.org/10.1515/znc-2010-3-407

Tang X, Yuan Y, Li X, Zhang J (2021) Maximum entropy modelling to predict
the impact of climate change on pine wilt disease in China. Front Plant
Sci 12:652500. https://doi.org/10.3389/fpls.2021.652500

TodaT, Kurinobu S (2002) Realized genetic gains observed in progeny toler-
ance of selected red pine (Pinus densiflora) and black pine (P thunbergii)
to pine wilt disease. Silvae Genet. 51(1):42-44

Togashi K, Arakawa Y (2003) Horizontal transmission of Bursaphelenchus xylo-
philus between sexes of Monochamus alternatus. J Nematol 35(1):7

Tomminen J (1993) Pathogenicity studies with Bursaphelenchus mucronatus in
Scots pine in Finland. Eur J for Pathol 23(4):236-243. https://doi.org/10.
1111/}.1439-0329.1993.tb01341 x

European Union (2012) Commission implementing decision of 26 September
2012 (2012/535/EU) on emergency measures to prevent the spread
within the union of Bursaphelenchus xylophilus (Steiner et Buhrer) Nickle
et al. (The Pine Wood Nematode). http://data.europa.eu/eli/dec_impl/
2012/535/0j

Vicente C, Espada M, Vieira P, Mota M (2012) Pine wilt disease: a threat to
European forestry. Eur J Plant Pathol 133:89-99. https://doi.org/10.1007/
510658-011-9924-x

Vicente CS, Soares M, Faria JM, Ramos AP, Indcio ML (2021) Insights into the
role of fungi in pine wilt disease. J Fungi 7(9):780. https://doi.org/10.3390/
jof7090780

Vincent B, Koutroumpa F, Altemayer V, Roux-Morabito G, Gevar J, Martin C,
Lieutier F (2008) Occurrence of Bursaphelenchus mucronatus (Nematoda;
Aphelenchoididae) in France and association with Monochamus gallopro-
vincialis (Coleoptera: Cerambycidae). Ann for Sci 65:111-111. https://doi.
0rg/10.1051/forest:2007083


https://doi.org/10.1038/s41598-017-04944-7
https://doi.org/10.1007/s11676-018-0658-x
https://doi.org/10.1303/aez.2000.413
https://doi.org/10.1016/j.fct.2017.11.019
https://doi.org/10.1016/j.fct.2017.11.019
https://doi.org/10.1163/187529272X00395
https://doi.org/10.1163/187529272X00395
https://www.mapa.gob.es/es/agricultura/temas/sanidad-vegetal/pnc_nmp_marzo_2020__sin_amarillo_tcm30-525472.pdf
https://www.mapa.gob.es/es/agricultura/temas/sanidad-vegetal/pnc_nmp_marzo_2020__sin_amarillo_tcm30-525472.pdf
https://www.mapa.gob.es/es/agricultura/temas/sanidad-vegetal/pnc_nmp_marzo_2020__sin_amarillo_tcm30-525472.pdf
https://doi.org/10.1093/forestry/cpx030
https://doi.org/10.1093/forestry/cpx030
https://doi.org/10.3390/f12111474
https://doi.org/10.3390/f12111474
https://doi.org/10.1163/156854199508757
https://doi.org/10.1163/156854199508757
https://doi.org/10.1007/978-3-319-24744-1_12
https://doi.org/10.1007/978-3-319-24744-1_12
https://doi.org/10.1111/1748-5967.12054
https://doi.org/10.1007/s10342-013-0742-x
https://doi.org/10.1371/journal.pone.0056288
https://doi.org/10.1371/journal.pone.0056288
https://doi.org/10.1080/09670874.2015.1016472
https://doi.org/10.1080/13416979.2020.1745989
https://doi.org/10.1080/13416979.2020.1745989
https://doi.org/10.1016/B978-0-323-91226-6.00003-1
https://doi.org/10.1016/B978-0-323-91226-6.00003-1
https://doi.org/10.3390/microorganisms10010168
https://doi.org/10.3390/microorganisms10010168
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1007/978-3-642-66359-8_2
https://doi.org/10.1007/978-3-642-66359-8_2
https://doi.org/10.1163/156854105774355581
https://doi.org/10.1163/156854105774355581
https://consultas2.oepm.es/InvenesWeb/detalle?referencia=U202330957
https://consultas2.oepm.es/InvenesWeb/detalle?referencia=U202330957
https://doi.org/10.3389/ffgc.2023.1229456
https://doi.org/10.3389/ffgc.2023.1229456
https://doi.org/10.5281/zenodo.13912259
https://doi.org/10.1016/j.procbio.2021.06.006
https://doi.org/10.1515/znc-2010-3-407
https://doi.org/10.3389/fpls.2021.652500
https://doi.org/10.1111/j.1439-0329.1993.tb01341.x
https://doi.org/10.1111/j.1439-0329.1993.tb01341.x
http://data.europa.eu/eli/dec_impl/2012/535/oj
http://data.europa.eu/eli/dec_impl/2012/535/oj
https://doi.org/10.1007/s10658-011-9924-x
https://doi.org/10.1007/s10658-011-9924-x
https://doi.org/10.3390/jof7090780
https://doi.org/10.3390/jof7090780
https://doi.org/10.1051/forest:2007083
https://doi.org/10.1051/forest:2007083

Sanchez-Gémez et al. Annals of Forest Science (2025) 82:4

Wang CY, Fang ZM, Sun BS, Gu LJ, Zhang KQ, Sung CK (2008) High infectivity
of an endoparasitic fungus strain, Esteya vermicola, against nematodes. J
Microbiol 46:380. https://doi.org/10.1007/512275-007-0122-7

Wang CY, Fang ZM, Wang Z, Gu LJ, Sun BS, Zhang DL, Sung CK (2009) High
infection activities of two Esteya vermicola isolates against pinewood
nematode. Afr J Microbiol Res 3:581-584

Wang CY, Yin C, Fang ZM, Wang Z, Wang YB, Xue JJ, Gu LJ, Sung CK (2018)
Using the nematophagous fungus Esteya vermicola to control the disas-
trous pine wilt disease. Biocontrol Sci Technol 28:268-277. https://doi.
0rg/10.1080/09583157.2018.1441369

Ye S, Shang L, Xie X, Cao Y, Chen C (2021) Optimization of in vitro culture con-
ditions for production of Cordyceps bassiana spores (Ascomycetes) and
the effect of spore extracts on the health of Caenorhabditis elegans. Int J

Med Mushrooms 23:44-55. https://doi.org/10.1615/Int]MedMushrooms.

2021038683

Youssef M, EI-Nagdi W, Lotfy DE (2020) Evaluation of the fungal activity of
Beauveria bassiana, Metarhizium anisopliae and Paecilomyces lilacinus as
biocontrol agents against root-knot nematode, Meloidogyne incognita
on cowpea. Bull Natl Res Centre 44:1-11. https://doi.org/10.1186/
$42269-020-00367-z

Zamora P, Rodriguez V, Renedo F, Sanz AV, Dominguez JC, Pérez-Escolar G,
Miranda J, Alvarez B, Gonzélez-Casas A, Mayor E, Duefias M, Miravalles A,
Navas A, Robertson L, Martin AB (2015) First report of Bursaphelenchus
xylophilus causing pine wilt disease on Pinus radiata in Spain. Plant Dis
99:1449. https://doi.org/10.1094/PDIS-03-15-0252-PDN

Zas R, Moreira X, Ramos M, Lima RMR, Da Silva MN, Solla A, Vasconcelos MW,
Sampedro L (2015) Intraspecific variation of anatomical and chemical
defensive traits in Maritime pine (Pinus pinaster) as factors in suscep-
tibility to the pinewood nematode (Bursaphelenchus xylophilus). Trees
29:663-673. https://doi.org/10.1007/500468-014-1143-6

Zhang H, Wei Z, Zhang J, Liu X (2021) Classification of dendrocola nematode-
trapping fungi. J for Res 32(3):1295-1304. https://doi.org/10.1007/
511676-020-01159-x

Zhu P, Chen'Y, Zhang J, Wu F,Wang X, Pan T, Wei Q, Hao Y, Chen X, Jiang C, Ji
K (2021) Identification, classification, and characterization of AP2/ERF
superfamily genes in Masson pine (Pinus massoniana Lamb.). Sci Rep
11:5441. https://doi.org/10.1038/541598-021-84855-w

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 13 of 13


https://doi.org/10.1007/s12275-007-0122-7
https://doi.org/10.1080/09583157.2018.1441369
https://doi.org/10.1080/09583157.2018.1441369
https://doi.org/10.1615/IntJMedMushrooms.2021038683
https://doi.org/10.1615/IntJMedMushrooms.2021038683
https://doi.org/10.1186/s42269-020-00367-z
https://doi.org/10.1186/s42269-020-00367-z
https://doi.org/10.1094/PDIS-03-15-0252-PDN
https://doi.org/10.1007/s00468-014-1143-6
https://doi.org/10.1007/s11676-020-01159-x
https://doi.org/10.1007/s11676-020-01159-x
https://doi.org/10.1038/s41598-021-84855-w

	Using Bursaphelenchus mucronatus to demonstrate the potential nematicidal effect of Beauveria bassiana on pine wood nematode (Bursaphelenchus xylophilus) under in vivo conditions
	Abstract 
	Key message 
	Context 
	Aims 
	Methods 
	Results 
	Conclusion 

	1 Introduction
	2 Material and methods
	2.1 Nematode, fungal and insect species used for the assays
	2.2 In vitro antagonism tests of B. bassiana on B. xylophilus and B. mucronatus populations
	2.3 Nematicidal effect of commercial BEA on B. xylophilus and B. mucronatus populations
	2.4 In vivo tests to corroborate the nematicidal effect of B. bassiana on B. mucronatus under natural conditions
	2.5 Statistical analysis

	3 Results
	3.1 In vitro antagonism tests of B. bassiana on B. xylophilus and B. mucronatus populations
	3.2 Nematicidal effect of commercial BEA on B. xylophilus and B. mucronatus populations
	3.3 In vivo tests to corroborate the nematicidal effect of B. bassiana on B. mucronatus

	4 Discussion
	4.1 In vitro antagonism tests of B. bassiana on B. xylophilus and B. mucronatus populations
	4.2 Nematicidal effect of commercial BEA on B. xylophilus and B. mucronatus populations
	4.3 In vivo tests to corroborate the nematicidal effect of B. bassiana on B. mucronatus under in vivo conditions

	5 Conclusions
	Acknowledgements
	References


