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The development of the truffle beetle Leiodes cinnamomeus at low ol
temperature, a determining factor for the susceptibility of adults and larvae
to entomopathogenic nematodes
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HIGHLIGHTS

e Adults and larvae of L. cinnamomeus were susceptible to entomopathogenic nematodes.
e S. carpocapsae caused high mortality of adults at 10 °C with 6 h a day at 15 °C.

e Some populations of S. feltiae were virulent against mycophagous larvae at 10 °C.

e Larvae in summer diapause are susceptible to H. bacteriophora at 25 °C.

e There are short periods with optimal temperatures for EPN applications in autumn.

ARTICLE INFO ABSTRACT

Keywords: The European truffle beetle Leiodes cinnamomeus (Panzer) (Coleoptera: Leiodidae) is the most important pest in
Entomopathogenic nematodes black truffle (Tuber melanosporum) plantations. Adults and larvae feed on truffles during the cold months of
Steinernema

autumn and winter, while during spring and summer larvae are in diapause. This study aims to test the sus-
ceptibility of L. cinnamomeus adults and larvae to different entomopathogenic nematode (EPN) species at various
temperatures under laboratory conditions. Different populations of Steinernema carpocapsae and Steinernema
feltiae were applied against adults and mycophagous larvae at 20 °C, 10 °C and 10-15 °C (10 °C during 18 h and
15 °C during 6 h a day), while Heterorhabditis bacteriophora was only applied against diapause larvae at 25 °C.
S. carpocapsae caused 100% mortality of adults three days after application at 20 °C. At 10 °C, adults were not
susceptible to any EPN species seven days after treatment, while at 10-15 °C S. carpocapsae was the most virulent
species (76.6-96.6% mortality). In the case of larvae, all EPN species were infective at 20 °C (43.3-83.3%
mortality), despite differences among some populations. At 10 °C, only two populations of S. feltiae caused higher
mortality of larvae (50-53.3%) than control seven days after treatment. H. bacteriophora caused 100% mortality
against diapause larvae five days after application at 25 °C. Soil temperature was measured in a truffle plantation
for each hour every day from September 2021 to April 2022 at 20 cm depth. From September to mid-October it
was registered a temperature above 15 °C for more than 20 h a day. Temperatures were generally below 10 °C
from November to March. An appropriate timing of field applications should be considered due to the short
periods of time when temperature is optimal for each EPN species tested.

Heterorhabditis

Low temperature
Leiodes cinnamomeus
Tuber melanosporum

1. Introduction and economic interest in some regions of Spain, Italy and France, where
40,000 ha of truffle plantations generates approximately €50 million per

The black truffle or Tuber melanosporum Vittad. is a hypogeal fungus year (Oliach et al., 2020). All this leads to a monoculture situation that
that establishes mutualistic relationships with different phanerogam along with agricultural practices, such as irrigation, have favored the
species, mainly of the Quercus genus, that fructifies during autumn— presence of some insect species, including the “truffle flies” of the genus
winter (Bonito et al., 2010). The black truffle fruit has gastronomic value Suillia sp (Diptera: Heleomyzidae) or the beetle Leiodes cinnamomeus
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(Panzer) (Coleoptera: Leiodidae), becoming pests (Martin-Santafé,
2020).

The European truffle beetle, L. cinnamomeus, is the most important
pest in black truffle plantations, being an univoltine species that is only
distributed in Europe (Arzone, 1971; Martin-Santafé etal., 2014;
Navarro-Llopis et al., 2021). In the province of Teruel (Spain), adults are
observed from mid-September to mid-May and mycophagous larvae (L1
to L3) from October to March (Pérez-Andueza, 2015), during the coldest
period of the year when temperature can reach 2 °C at 20 cm depth
(unpublished results). L3 larvae enter diapause inside aestivation
chambers, which last until the end of summer when several cohorts start
to emerge as adults during autumn-winter (Pérez-Andueza, 2015).
Larvae and adults are soil-dwelling stages and are distributed from 10
cm to 30 cm depth around the truffle fruits, except when adults rise to
the soil surface to move to other truffles (Arzone, 1971). Both stages feed
on T. melanosporum fruiting bodies, causing galleries which reduce
quality and can generate up to 70% of economic losses in plantations
(Barriuso et al., 2012).

Cultural practices, such as frequent recollections of truffles (Martin-
Santafé et al., 2014) and the use of traps for mass capture of adults
(Navarro-Llopis et al., 2021), are recommended in truffle plantations.
However, these practices are not enough to reduce the population of
L. cinnamomeus to acceptable levels. Limited research has been con-
ducted on the biorational control of L. cinnamomeus, with mass trapping
techniques based on adapted pitfall traps and the semiochemical
dimethyl sulfide (DMS) as an attractant (Navarro-Llopis et al., 2021).
The use of chemical products is not appropriate to control this insect
because they may inhibit the growth of the mycelium (Trappe et al.,
1984) and affect early stages of root colonization by T. melanospotum
(Gomez-Molina et al., 2020). Moreover, there is a strict regulation of
these chemical substances by the Administration, which tends towards
their rational and sustainable use (Directive 2009/128/EC, 2009). Thus,
alternative biological control methods are needed.

Entomopathogenic nematodes (EPNs) of the Steinernematidae and
Heterorhabditidae families are obligate parasites of a wide range of in-
sect species with great potential as biological control agents for different
soil inhabiting insect pests on a variety of crops (Lacey and Georgis,
2012; Shapiro-Illan et al., 2017). These nematodes have proved to be
successful against adults and larvae of different soil-dwelling coleoptera
such as white grubs (Coleoptera: Scarabaeidae) (Patil et al., 2018;
Benseddik et al., 2021), weevils (Coleoptera: Curculionidae) (Shapiro-
Illan et al., 2003; Batalla-Carrera et al., 2016; Dlamini et al., 2019) and
wireworms (Coleoptera: Elateridae) (Sandhi et al., 2020; Nikoukar et al.,
2021). In field applications, the efficacy of EPNs could be affected by
environmental factors (Shapiro-Ilan et al., 2006), such as low temper-
ature, limiting the mobility and infectivity of some EPN species (Grewal
et al., 1994). When adults and larvae of L. cinnamomeus feed on truffles
(during autumn and winter), soil temperature in truffle plantations
(2-20 °C) often drop below the acceptable threshold temperature for
EPN activity (unpublished results).

At this moment, there are no relevant studies about the biological
control of L. cinnamomeus and only preliminary data on the suscepti-
bility of L. cinnamomeus to EPNs are available (Fuentes-Boix et al.,
2019). Therefore, the objective of this research was to determine the
susceptibility of adults and larvae of L. cinnamomeus to different EPN
species exposed to different temperatures under laboratory conditions,
with the aim to select the most appropriate population of EPNs and
period of application against each stage of L. cinnamomeus in future field
assays.

2. Material and methods
Source of insects and nematodes

Adults and larvae of L. cinnamomeus were collected from truffle
plantations in Teruel, Spain, during October and December of 2021.
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Mycophagous larvae (which we will refer to as “larva” in the text) with a
body length of 0.5-0.9 cm (L2 and L3 instars) were used. Both stages
were maintained in boxes at 9 °C filled with soil from truffle plantations
and small pieces of truffle fruit as food until being used. To obtain
diapause larvae, L3 larvae were maintained in tubes (30 x 8 cm) filled
with soil at 10 °C from February to April of 2022, while during May and
June they were maintained at room temperature.

A total of eight EPN populations belonging to three different species
were used: Steinernema carpocapsae (Weiser), Steinernema feltiae (Fili-
pjev) and Heterorhabditis bacteriophora (Poinar) (Table 1). Nematodes
were reared at 25 °C in last instar larvae of the greater wax moth,
Galleria mellonella (Linnaeus), according to the method of Woodring and
Kaya (1988). The emerged infective juveniles (1Js) were recovered using
modified White traps (White, 1927) and stored at 9 °C for a maximum of
two weeks. Before application, IJs were acclimatized at room tempera-
ture for 3 h and their viability was checked by observation of movement
under a stereomicroscope.

2.1. Insect susceptibility assays

The experiments were carried out in Petri dishes (5.5 cm diameter)
filled with 15 g of sterile soil obtained from truffle plantations and
moistened with sterile tap water (10%, w/w). One adult or larva was
placed in each dish. S. feltiae and S. carpocapsae populations were used
against adults and mycophagous larvae at three different temperatures:
20 °C, 10 °C and 10-15 °C (10 °C during 18 h and 15 °C during 6 h a
day). H. bacteriophora was only tested against diapause larvae at 25 °C.
All EPNs were used at a dose of 25 IJs/cm? (490 1Js/dish). The dishes
were sealed with parafilm to avoid dehydration and maintained in a
climate chamber at the temperature of each experiment. Control treat-
ment received only sterile tap water. Insect mortality was checked every
24 h after application during three days for the treatments at 20 °C, for
five days for those carried out at 25 °C and for seven days for those at
10 °C and 10-15 °C. Dead insects were individually placed in another
Petri dish with two moistened filter paper disks without nematodes. 48 h
after death, cadavers were dissected to confirm nematode infection.
There were ten replicates for each treatment and the experiments were
conducted three times.

2.2. Soil temperature analysis from truffle plantation

To evaluate the possible effect of the temperature tested against
L. cinnamomeus for future field applications, soil temperature was
measured for each hour every day from September 2021 to April 2022 at
20 cm depth in a truffle plantation located in Mora de Rubielos (Teruel,
Spain). Mean temperature and the mean number of hours a day with >
10 °Cand > 15 °C were calculated to select the best periods for potential
EPN applications.

2.3. Statistical analysis

Generalized linear model (GLM), with binomial distribution and a
logit link function, was used to test significant differences in mortality.

Table 1
Populations of S. feltiae, S. carpocapsae and H. bacteriophora used in the sus-
ceptibility assays.

EPN species Population Habitat Location

S. carpocapsae B14 Urban garden Barcelona

S. carpocapsae e-nema Commercial

S. feltiae TE15 Truffle plantation Mora de Rubielos (Teruel)
S. feltiae CT3 Truffle plantation Naves (Lleida)

S. feltiae e-nema Commercial

S. feltiae Koppert Commercial

H. bacteriophora CT47 Truffle plantation Boixols (Lleida)

H. bacteriophora Koppert Commercial
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Main effects in the factorial design (EPN population and temperature)
were analyzed for interactions and a complete analysis of simple effects
was also conducted. Within each temperature, mortality caused by EPN
populations were compared among them and to control. The impact of
temperature on virulence within each EPN population was also
analyzed. Subsequently Tukey’s multiple range test was performed to
compare differences among treatments. Lethal time 50 (LTs0) and cor-
responding 95% confidence intervals (CIs) were calculated for adult and
larva treatments using probit analysis. All data were analyzed with the R
software (version 4.1.0) (R Core Team, 2021). Any comparison was
considered significant if p value was<0.05.

3. Results
3.1. Adult susceptibility assay

The interaction between EPN population and temperature factors on
mortality of L. cinnamomeus adults was significant (y* = 59.57, df = 10,
p < 0.05). When the main effects were analyzed independently, the EPN
population had a significant impact on adult mortality (x> = 85, df = 5,
p < 0.05). The effect of the temperature also had a significant impact on
mortality of adults among the nematode treatments (% = 117.14, df = 2,
p < 0.05).

The results at 20 °C showed that all EPN populations, except S. feltiae
CT3, caused higher mortality than control (13.3%) (x? = 94.05, df = 6, p
< 0.05) three days after application, with significant differences be-
tween the species tested (Fig. 1). S. carpocapsae caused 100% adult
mortality, being the most virulent species compared to S. feltiae
(56.6-73.3%) (p < 0.05).

At 10 °C, there were no significant differences between treatments
and control (3.3% mortality) (XZ =8.65, df =6, p = 0.19) (Fig. 2) seven
days after application. However, at 10-15 °C, only S. carpocapsae pop-
ulations were significantly different from the other treatments (x? =
108.17, df = 6, p < 0.05) seven days after nematode application, with
mortality of 96.6% for S. carpocapsae B14 and 76.6% for S. carpocapsae
e-nema. S. feltiae populations were not significantly different from
control (3.3% mortality), with mortality ranging from 10% to 30%
(Fig. 2).

All EPNs were significantly more virulent at 20 °C (three days after
application) than at 10 °C (seven days after application). Only
S. carpocapsae populations were significantly more virulent at 10-15 °C
(76.6-96.6% mortality) than at 10 °C (13.3% mortality) (Table 2).

Temperature also affected the rate of infection of both
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steinernematid species. At 20 °C, S. carpocapsae e-nema and B14 were
the fastest in killing adults (LTso = 27.8 h and 33.9 h, respectively),
whereas S. feltiae CT3 was the slowest (LTso = 89.8 h). Therefore, there
were significant differences among EPN species (Table 3). At 10-15 °C,
S. carpocapsae B14 and e-nema reached LTsq of 113.5 h (32 = 9.98, df =
4, p =0.04) and 135.2 h (4% = 3.96, df = 4, p = 0.41), respectively
(Table 3). LTs( data of S. feltiae populations are not shown because they
were not significant due to the low mortality obtained.

3.2. Mycophagous larvae susceptibility assay

The interaction between EPN population and temperature factors
was significant on mortality of L. cinnamomeus larvae (x? = 28.01, df =
10, p < 0.05). However, when the main effects were analyzed inde-
pendently, the EPN population had not a significant impact on larvae
mortality among nematode treatments (x? = 6.35, df = 5, p = 0.27),
while the effect of temperature had a significant impact (y? = 25.86, df
=2, p < 0.05).

At 20 °C, all treatments were significantly more virulent than control
(16.6% mortality) (X2 =44.33,df = 6, p < 0.05) (Fig. 3) three days after
application. There were significant differences only between
S. carpocapsae e-nema (83.3%) and two S. feltiae populations: S. feltiae e-
nema (46.6%) and S. feltiae Koppert (43.3%) (p < 0.05).

At 10 °C, only S. feltiae TE15 (53.3%) and S. feltiae Koppert (50%)
caused significantly higher mortality of larvae than control (10%) (x* =
25.56, df = 6, p < 0.05) (Fig. 4) seven days after application. At
10-15 °C, all treatments were significantly more virulent than control
(16.6% mortality) (Xz = 22.91, df = 6, p < 0.05), but there were no
significant differences among EPNs (p greater than 0.05), with mortality
ranging from 53.3 to 70% (Fig. 4).

Only S. carpocapsae caused significantly higher mortality of larvae at
20 °C (56.6-83.3%) three days after treatment than at 10 °C (17-20%)
seven days after treatment. There were also significant differences in
mortality between 10 °C and 10-15 °C with both S. carpocapsae pop-
ulations, but not with S. feltiae (Table 4).

LTso were significantly different among EPNs at 20 °C (Table 5),
being S. carpocapsae e-nema and S. feltiae TE15 the fastest nematodes to
kill L. cinnamomeus larvae (LTsy = 44.5 h and 48.1 h, respectively). At
10 °C, S. feltiae TE15 and S. feltiae Koppert registered LTsq of 151 h and
169 h, respectively. LTsq data of the other populations are not shown
because they were not significant due to the low mortality obtained. At
10-15 °C, S. feltiae TE15 and S. feltiae Koppert were also the fastest
nematodes to kill larvae (LTso = 113.1 h and 101.5 h, respectively)
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Fig. 1. Percentage of mortality (+ SE) of L. cinnamomeus adults exposed to six different EPN populations and control at 20 °C three days after treatment. Within each
column, different letters indicate significant differences among treatments (p < 0.05). Sf: S. feltiae; and Sc: S. carpocapsae.
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Fig. 2. Percentage of mortality (+ SE) of L. cinnamomeus adults exposed to six different EPN populations and control at 10 °C and at 10-15 °C seven days after
application. Within each column, uppercase letters indicate significant differences among treatments at 10 °C (p < 0.05) and lowercase letters indicate significant

differences among treatments at 10-15 °C. Sf: S. feltiae; and Sc: S. carpocapsae.

Table 2

Percentage of mortality (+SE) of L. cinnamomeus adults exposed to six different
EPN populations at 20 °C three days after application, and at 10 °Cand 10-15°C
seven days after application. Sf: S. feltiae; and Sc: S. carpocapsae.

Treatment 20°C 10°C 10-15°C Statistical comparison
Sc B14 (%) 100 + Oa 13.3 £ 96.6 + ¥?=77.62,df =2,p <
6.3b 3.3a 0.05
Sc e-nema 100 + Oa 13.3 + 76.6 + X2 =6213,df=2,p<
(%) 6.3c 7.8b 0.05
Sf TE15 (%) 60+91a 20+7.4b 30+85ab y*=11.23,df=2,p<
0.05
Sf CT3 (%) 433 + 10 +£5.5b 10+ 5.5b ¥ =1271,df=2,p <
8.7a 0.05
Sf e-nema 56.6 + 23.3 + 23.3 + ¥* =9.66,df = 2,p <
(%) 9.2a 7.8b 7.8b 0.05
Sf Koppert 73.3 + 233 + 20 + 7.4b ¥*=22.87,df =2,p <
(%) 6.9a 7.8b 0.05

Different letters indicate statistical significance among temperatures for each
row.

Table 3

Estimated exposure time to cause 50% mortality (LTso in hours) of
L. cinnamomeus adults by six EPN populations at 20 °C, with 95% confidence
interval (CI). Sf: S. feltiae; and Sc: S. carpocapsae.

Treatment LTs0 (CI 95%) Pearson goodness

Sc B14 33.9 (30.0-38.4)a ¥*=0.50,df =1, p = 0.97
Sc e-nema 27.8 (25.2-34.3)a x*=0.26,df =1, p = 0.98
Sf TE15 62.7 (52.5-72.5)b ¥?>=3.12,df =5,p=0.68
SfCT3 89.8 (73.0-109)c ¥* = 0.68, df = 3, p = 0.87
Sf e-nema 63.3 (53.9-72.2)b 2= 0.18,df =5, p = 0.99
Sf Koppert 58.9 (49.2-68.0)b ¥?=4.53,df =5,p = 0.47

Values of Pearson goodness of fit ¥ df, p are given (when p greater than 0.05,
the model adequately fits the data). Different letters indicate statistical signifi-
cance among treatments.

(Table 5).

3.3. Diapause larvae susceptibility assay

At 25 °C, H. bacteriophora CT47 and H. bacteriophora Koppert caused
100% mortality of diapause larvae five days after application, being
significantly different from control (0% mortality) (% = 83.11, df =2, p

< 0.05).

H. bacteriophora CT47, with a LTsg of 33.5 h (CI 95% = 28.2-38.5 h)
(x? = 0.45, df = 1, p = 0.79), was significantly faster to kill 50% of
diapause larvae than H. bacteriophora Koppert, with a LTsg of 42.2 h (CI
95% = 35.0-48.9 h) (2 = 1.51, df = 1, p = 0.68).

3.4. Soil temperature analysis from truffle plantation

The mean soil temperature and the mean number of hours a day at >
10 °C and > 15 °C during the period when L. cinnamomeus feeds on
truffles in the plantation are given in Fig. 5. Temperature was above
15 °C for more than 20 h a day from September to mid-October. During
these two months, temperature was above 10 °C 24 h a day, while in
early November was<12 h a day. From late November to March tem-
perature was generally below 10 °C. During April, temperature was
above 10 °C for more than 12 h a day, but below 15 °C (Fig. 5).

4. Discussion

Our results indicate that EPNs were able to infect and kill adults and
larvae of L. cinnamomeus, although there were differences of their sus-
ceptibility depending on the temperature and the EPN applied.
S. carpocapsae was the most virulent (100% mortality) and fastest (LTs5q
= 27.8-33.9 h) EPN species against adults of L. cinnamomeus at 20 °C. In
other studies, S. carpocapsae showed to be more virulent against adults
of coleoptera than other nematodes when temperature is optimal for this
species. Batalla-Carrera et al. (2016) reported that 3 days after the
application of S. carpocapsae, adults of Curculio nucum (Linnaeus) caused
mortality of 100% at 25 °C. Similar results were obtained by Shapiro-
Illan et al. (2003) and Laznik et al. (2010) against Curculio caryae (Horn)
and Oulema melanopus (Linnaeus), respectively.

Contrary to the differences observed between S. carpocapsae and
S. feltiae against adults, mortality of larvae caused by S. carpocapsae
populations (56.6-83.3%) were not significantly different from the two
most virulent S. feltiae populations (50-73.3%) at 20 °C. Some studies
did not find significant differences between EPN species against larvae
of other coleoptera species. Batalla-Carrera et al. (2016) reported no
differences between S. feltiae (50-65% mortality) and S. carpocapsae
(55% mortality) against larvae of C. nucum at 25 °C. Likewise, Shapiro-
Illan et al. (2000) did not observe differences between mortality caused
by S. carpocapsae (18%) and S. feltiae (25-28%) against larvae of Dia-
prepes abbreviatus (Linnaeus) at 20 °C. In contrast, other studies found
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Fig. 3. Percentage of mortality (+ SE) of L. cinnamomeus larvae exposed to six different EPN populations and control at 20 °C three days after application. Within
each column, different letters indicate significant differences among treatments (p < 0.05). Sf: S. feltiae; and Sc: S. carpocapsae.
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Fig. 4. Percentage of mortality (+ SE) of L. cinnamomeus larvae exposed to six different EPN populations and control at 10 °C and 10-15 °C seven days after
application. Within each column, uppercase letters indicate significant differences among treatments at 10 °C (p < 0.05) and lowercase letters indicate significant

differences among treatments at 10-15 °C. Sf: S. feltiae; and Sc: S. carpocapsae.

Table 4

Percentage of mortality (+SE) of L. cinnamomeus larvae exposed to six different
EPN populations at 20 °C three days after application; and 10 °C and 10-15 °C
seven days after application. Sf: S. feltiae; and Sc: S. carpocapsae.

Treatment 20 °C 10°C 10-15°C Statistical comparison
Sc B14(%) 56.6 + 20 + 7.4b 60 + 9.1a XZ =1259,df=2,p<
9.2a 0.05
Sc e-nema 83.3 + 17 + 6.9¢ 53.3 + Xz =29.19,df=2,p <
(%) 6.9a 9.2b 0.05
Sf TE15 (%) 733+ 53.3 + 60 + 9.1a x?=270,df =2,p =
8.2a 9.2a 0.26
Sf CT3 (%) 50+9.3a 40+9.1a 60+09.la x> =241,df=2,p=
0.29
Sf e-nema 46.6 + 40 + 9.1a 60 + 9.1a Xz =250,df=2,p=
(%) 9.2a 0.28
Sf Koppert 433+ 50 +£9.3a 70+ 8.5a x> =476,df =2,p =
(%) 9.2a 0.09

Different letters indicate statistical significance among temperatures for each
row.

significant differences between EPN species. Nikoukar et al (2021) re-
ported a significant higher mortality caused by S. feltiae (63%) against
larvae of Limonius californicus (Mannerheim) than S. carpocapsae (30%)
at 23 °C. Morton and Garcia-del-Pino (2016) observed that
S. carpocapsae was significantly more virulent (68.9% mortality) against
larvae of Agriotes obscurus (Linnaeus) than S. feltiae (8.9% mortality) at
23 °C. Thus, these variations in results among studies might be due to
the different physical factors related with each coleoptera species
(Bastidas et al., 2014; Sandhi et al., 2020).

One of the major obstacles to EPNs efficacy in field applications
against L. cinnamomeus could be low temperature at which this insect
develops during autumn and winter. Temperature is known to affect
entomopathogenic nematode infectivity, virulence and reproductive
capacity. Although most species are active at 20 to 30 °C, some of them
are more tolerant to cold temperatures than others (Grewal et al., 1994).
The adaptation of S. feltiae to low temperature has been reported by
Homininck and Briscoe (1990) and Wright (1992), who observed that
this species is more prevalent in cooler environments than
S. carpocapsae. The optimal temperature range for S. feltiae to infect
insects is usually 15-25 °C and 20-30 °C for S. carpocapsae, although
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Table 5

Estimated exposure time to cause 50% mortality (LTso in hours) of
L. cinnamomeus larvae by six EPN populations at 20 °C and 10-15 °C, with 95%
confidence interval (CI). Sf: S. feltiae; and Sc: S. carpocapsae.

20°C 10-15 °C
Treatment  LTso (CI 95%) Pearson LTso (CI 95%) Pearson
goodness goodness

Sc B14 68.4 ¥* =3.84,df  153.2 ¥ =121, df
(52.2-85.8)b =4,p=042 (133.4-195.5c =4,p=0.87

Scenema  44.5 x> =11.5,df 149.3 x? = 0.37, df
(22.0-62.6)a =4,p=0.02 (130.9-187.8)c =4,p=0.98

Sf TE15 48.1 > =5.93,df 113.1 ¥* =0.18, df
(23.1-69.6)a =3,p=0.11 (85.9-228.2)ab =3,p=0.98

SfCT3 73.5 ¥*>=0.34,df 125.6 x? = 0.07, df
(47.0-97.2)bc  =2,p=0.84 (101.6-188.0)b =3,p=0.99

Sfenema  83.6 x> =1.06,df 133.3 ¥* = 0.59, df
(70.8-99.4)c =4,p=0.90 (106.4-209.7) =4,p=0.96

be

Sf Koppert  84.1 x> =0.95df 1015 ¥* = 0.83, df

(56.5-107.6)c =4,p=0.91  (80.5-128.4)a =4,p=0.93

Values of Pearson goodness of fit y%, df, p are given (when p greater than 0.05,
the model adequately fits the data). Different letters indicate statistical signifi-
cance among treatments for each temperature.

both can infect at lower temperatures (8-10 °C and 12-15 °C, respec-
tively) (Grewal et al., 1994; Shapiro-Ilan et al., 2006). Nevertheless, six
hours a day at 15 °C were enough for S. carpocapsae to cause higher
mortality rates of adults (76.6-96.6%) than S. feltiae (10-30%). In fact,
only S. carpocapsae was significantly more virulent at 10-15 °C
(76.6-96.6%) than at 10 °C (13.3%). These results agree with the results
of Laznik et al. (2010), in which S. carpocapsae caused 72% and 100%
mortality of adults of O. melanopus 48 h and 120 h after nematodes
application at 15 °C, respectively. Our results also agree with those
obtained by Grewal et al. (1994) and Radova and Trnkova (2010), who
reported a significant reduction of the infectivity of S. carpocapsae
against larvae of G. mellonella and Tenebrio molitor (Linnaeus) at tem-
perature below 15 °C. Although 15 °C is not the optimal temperature for
S. carpocapsae to infect insects, its high virulence against adults of
L. cinnamomeus indicates that it may be the best option against them. In
truffle plantations in Teruel, these adults start to emerge on mid-
September (Pérez-Andueza, 2015), when temperature data from the
truffle plantation registered more than 20 h a day at > 15 °C from
September to mid-October. Therefore, S. carpocapsae should be applied
during this period when temperature is above 15 °C.

In the larvae susceptibility assay, S. feltiae TE15 and S. feltiae Koppert
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were the only nematodes that caused significant higher mortality
(50-53.3%) than control (10%) at 10 °C. When temperature was raised
to 15 °C for 6 h a day, these two populations of S. feltiae caused the
fastest death of larvae (LTso — 113 h and 101 h, respectively). In fact,
mortality caused by S. feltiae populations were not significantly different
among the three temperatures tested, while S. carpocapsae populations
were significantly less virulent at 10 °C than at 20 °C and 10-15 °C.
S. feltiae is able to infect and cause mortality of insects at 8-10 °C,
although the temperature is lower than its optimal range (15-25 °C)
(Grewal et al., 1994). Shapiro-Illan et al. (2011) reported the virulence
of S. feltiae against larvae of Conotrachelus nenuphar (Herbst) at low
temperature. Twelve days after nematode application at 12 °C, S. feltiae
caused significantly higher mortality of larvae (60%) than S. carpocasae
(30%). Lacey et al. (2006) also found that S. feltiae and S. carpocapsae
were both efficient against larvae of the codling moth Cydia pomonella
(Linnaeus) at 20-25 °C, but when temperature fell below 15 °C, S. feltiae
was significantly more active compared to S. carpocapsae. Therefore, our
results suggest that for field applications, S. feltiae could be the best
option to use against larvae of L. cinnamomeus in cold conditions,
although temperature should not drop below 10 °C. Therefore, the
optimal period to apply S. feltiae may be between early October and
November, when larvae start feeding of T. melanosporum.

During spring and summer, when larvae of L. cinnamomeus are in
diapause (Martin-Santafé, 2020), low temperature is not a limiting
factor to apply EPNs. Our results showed that H. bacteriophora caused
100% mortality of these diapause larvae at 25 °C five days after appli-
cation. Some other studies also reported high virulence of
H. bacteriophora against larvae of other soil dwelling coleoptera species,
such as Popillia japonica Newman (Paoli et al., 2017) and Otiorhynchus
sulcatus Fabricius (Ansari and Butt, 2011). Therefore, H. bacteriophora
could be a good option against diapause larvae of L. cinnamomeus.

The soil depth where the stages of the insect are present is another
factor to consider before field application. There are different behaviors
in relation to vertical migration depending on the EPN species. Within a
favorable range of temperatures and adequate moisture, those EPNs
with a mobile foraging strategy such as S. feltiae and H. bacteriophora
could be considered for use in subterranean habitats, while those with a
sit-and-wait foraging strategy, such as S. carpocapsae, could be most
effective in soil surface habitats (Koppenhofer et al., 1995; Lacey and
Georgis, 2012). In our case, larvae and adults of L. cinnamomeus are soil
dwelling stages that are found from 10 cm to 30 cm depth, depending on
the presence of truffle fruits. However, adults also present activity on
soil surface, being more mobile than larvae (Arzone, 1971). Therefore,
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Fig. 5. Mean soil temperature and mean number of hours a day which the temperature registered was > 10 °C or > 15 °C in a truffle plantation at 20 cm depth
(Teruel, Spain), during the period of September 2021 to April 2022. Each month is divided into the first half: 1% to 15t (1), and the second half: 16™ to 31% 2).
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the foraging strategy of EPNs and the results obtained in the suscepti-
bility assay show S. carpocapsae as the best option against adults. For the
treatment against larvae, S. feltiae would be the best option during
autumn-winter, and H. bacteriophora would be the best choice against
diapause larvae during spring-summer, due to the high mobility of both
EPN species.

5. Conclusions

To conclude, our study showed that adults and larvae of
L. cinnamomeus are susceptible to the EPN species tested. Even though
adults are high susceptible to S. carpocapsae at 20 °C and 10-15 °C, the
low mortality of adults at 10 °C suggests that field application of this
nematode in Teruel (Spain) should be done during September and early
October, when temperature is at least 6 h a day above 15 °C. In the case
of mycophagous larvae, S. feltiae may be an optimal option at temper-
atures between 10 °C and 15 °C. However, it is necessary to prevent
efficacy losses of this species due to temperatures below 10 °C from
December to March. Application of H. bacteriophora against diapause
larvae during spring and summer could be a complementary strategy to
be considered due to the high mortality caused by this nematode.
Therefore, a proper timing of EPN application should be considered in
future field trials.
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