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Abstract The alfalfa weevil (Hypera postica Gyl-
lenhal, Coleoptera: Curculionidae) is a major pest of
alfalfa crops. Chemical control measures are ineffi-
cient, but the larvae are often infested by parasitoid
wasps of the genus Bathyplectes Forster (Hymenop-
tera: Ichneumonidae), which offer a potential biologi-
cal control strategy. The development of effective bio-
logical control requires the identification of parasitoid
species, but conventional methods involve the rearing
of parasitoids to the puparium stage for morphologi-
cal confirmation. Here we designed a PCR method
in which two pairs of primers are used to detect
and identify Bathyplectes curculionis Thomson and
Bathyplectes anura Thomson larvae in a faster way.
We compared conventional rearing to the new method
as a means to determine the parasitism rates caused
by each species in Spain during the 2019 and 2020
seasons. In 2019, the PCR method detected five times
as many B. curculionis events and twice as many B.
anura events. Similarly, in 2020, the PCR method
detected seven times as many B. curculionis events
and twice as many B. anura events. High mortality
of H. postica larvae was recorded in 2020 due to an
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epizootic attack by the fungus Zoophthora phytonomi
Arthur (Zygomycetes: Entomophthorales), explain-
ing the lower overall rate of parasitism and the wide-
spread death of the larvae. Statistical analysis con-
firmed that the PCR method is more sensitive than
conventional rearing for the detection of target parasi-
toids. However, only rearing can confirm the effective
parasitism or the presence of unexpected species. We
therefore recommend the use of both methods in par-
allel when evaluating host—parasitoid systems.
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Introduction

Alfalfa (Medicago sativa L.) is the most valuable
cultivated forage crop in the world (Orloff 1997).
In Spain, it is a traditional component of crop rota-
tions covering 250,000 ha, accounting for~20% of
the alfalfa land area in Europe (Delgado and Lloveras
2020). Alfalfa is also an important reservoir for pest
insects that infest alfalfa as well as surrounding crops
(Pons and Nuiiez 2020; Madeira et al. 2022).

The alfalfa weevil (Hypera postica Gyllenhal;
Coleoptera: Curculionidae) is native to Eurasia (Hoff-
mann 1963) but has spread globally and is now one
of the most destructive alfalfa pests (Goosey 2012;
Hoff et al. 2002; Pons and Nuifiez 2020; Saeidi and
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Moharramipour 2017; Soroka et al. 2019). In Spain,
the weevil larvae cause serious damage to the first
cutting (from March to the end of April). There is lit-
tle information in the scientific literature about the
ecology and pest status of this species in Europe.
Natural enemies can reduce alfalfa weevil popula-
tions (Soroka et al. 2020). Alfalfa weevil larvae are
parasitized by solitary endoparasitoid wasps of the
genus Bathyplectes (Hymenoptera: Ichneumoni-
dae) which is native to the Old World (Kingsley
et al. 1993; Kuhar et al. 1999; Radcliffe and Flan-
ders 1998). B. anura and B. curculionis were intro-
duced to North America with remarkable success
as a weevil control strategy (Radcliffe and Flanders
1998; Rand 2013). Although eight Bathyplectes spe-
cies have been recorded in Spain (Ribes 2012), only
B. anura Thomson and B. curculionis Thomson are
associated with alfalfa. The identification of adult
wasps is challenging because there are only slight
morphological differences between species (Pons and
Nufiez 2020), especially in the male (Soroka et al.
2020). The puparia are easier to distinguish because
B. anura forms a hard, dark-brown puparium with a
narrow, raised, white horizontal band, whereas the B.
curculionis puparium is light brown with a flat, dif-
fuse, white horizontal band (Day 1970; Dysart and
Day 1976). For definitive parasitoid identification,
each H. postica larva must therefore be reared until
pupation, which requires optimal environmental con-
ditions and feeding, and the avoidance of other natu-
ral factors that cause mortality. Using this approach,
the rates of parasitism recorded in Spain are gener-
ally low but highly variable (Levi-Mourao et al. 2021;
Pons & Nuiiez 2020).

In contrast to the delayed results from rearing
experiments, DNA analysis allows parasitism to be
followed in real time, and does not require the use of
captive insects in controlled-environment chambers
(Liang et al. 2015, 2018; Wolf et al. 2018; Agusti
et al. 2020; Molina et al. 2021). The high sensitiv-
ity and fidelity of molecular methods also facilitate
detailed studies of trophic interactions that are other-
wise inaccessible (Traugott et al. 2013). Such meth-
ods require the development of specific molecular
probes to detect target organisms. In arthropods, the
evolution of mitochondrial genes has been studied in
detail, and divergent sequences in related populations
provide a source of species-specific PCR primers
(Black et al. 1989; Simon et al. 1994). Several studies
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have used cytochrome C oxidase subunit I (COI)
mitochondrial DNA fragments as targets to increase
the specificity of detection (Agusti et al. 2003a,
2005). Here we report for the first time the develop-
ment of COI primers to detect and identify the main
parasitoids of alfalfa weevil (B. curculionis and B.
anura) in order to estimate the rate of parasitism in
H. postica larvae compared to the classical rearing
method.

Materials and methods
Insect rearing

Adult specimens of H. postica were collected from a
commercial alfalfa field in Lleida, North-East Spain,
in spring 2018. They were reared in 2000-ml glass
jars covered with mousseline for proper ventilation,
and kept at 20 °C, 60-70% relative humidity with
an 8-16 (L:D) photoperiod. Fresh alfalfa stems were
provided daily for egg laying and feeding. These were
placed in a glass vial filled with water and sealed with
parafilm to prevent dehydration of the plants and the
drowning of adult insects. All non-parasitized H. pos-
tica larvae individuals used in the experiments were
derived from this laboratory population.

For B. anura and B. curculionis adults obtaining,
H. postica larvae were collected from the field. They
were kept in rearing polyethylene cages of 500 ml
capacity (maximum 50 larvae/cage), covered by a
mesh to facilitate aeration. Fresh alfalfa was provided
in a daily basis. Larvae were maintained in a climatic
chamber at 22 °C, 8:16 (L:D) photoperiod and 50%
relative humidity until pupation. In the case they were
parasitized, parasitoid puparia were used for morpho-
logical identification. The resulting B. anura and B.
curculionis adults were frozen at —80 °C for posterior
DNA extraction.

Primer design and testing

Fragments of the conserved COI gene from 10 indi-
viduals of B. anura and B. curculionis and the host
H. postica were amplified by PCR using the univer-
sal forward primer C1-J-1718 (5'-GGA GGA TTT
GGA AAT TGA TTA GTT CC-3’) and the univer-
sal reverse primer C1-N-2191 (5'-CCC GGT AAA
ATT AAA ATA TAA ACT TC-3') (Simon et al.
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1994). Each 20-pl amplification reaction contained
1 ul (3-50 ng/ul) resuspended individual DNA,
7.5 ul pure water, 9.5 pl 2.0 Taq RED Master Mix
kit, 1.5 mM MgCI2 (Apex Bioresearch, Genesee
Scientific) and 1 pl of each forward and reverse
primer (10 pM). Samples were denatured at 94 °C
for 3 min followed by 35 cycles of 94 °C for 30 s,
58 °C (for 30 s, and 72 °C for 1 min, and then a
final extension at 72 °C for 3 min. The parasitoid
amplicons were purified using the QIAquick PCR
Purification Kit (Qiagen, Diisseldorf, Germany)
and were transferred to the vector pGEM-T easy.
Escherichia coli DH5a Scompetent cells were
transformed with the vector using an adapted heat
shock method (Froger and Hall 2007) and culti-
vated in lysogeny broth (LB) supplemented with
1 mg/ml ampicillin. Transformants were plated on
LB agar supplemented with 20 mg/ml 5-bromo-4-
chloro-3-indolyl-B-p-galactopyranoside (X-gal) and
80 mg/ml isopropyl p-p-1-thiogalactopyranoside
(IPTG) for blue-white selection. We transferred 50
white colonies, indicating the presence of an insert
to 7 ml LB supplemented with 100 pg/ml ampicil-
lin. Plasmid DNA was extracted for PCR with the
primers shown above. Thirty DNA samples yielding
the anticipated band sizes for B. anura (442 bp) and
B. curculionis (465 bp) were analyzed by Sanger
sequencing (Stab vida, Portugal) using SP6 forward
primer 5'-ATT TAG GTG ACA CTA TAG-3' and
M13 reverse primer 5'-CAG GAA ACA GCT ATG
AC-3'. Sequences were aligned in UGENE for each
construct and non-matching nucleotides between
sequences were used to design specific primers (fol-
lowing Innis and Gelfand 1990 and Saiki 1990).
DNA was extracted from homogenized non-par-
asitized H. postica larvae and individual field para-
sitoid adults from each species using the BioSprint
96 DNA Blood Kit (Qiagen) and the samples were
stored at— 20 °C. Each 20-pl reaction contained 1 pl
(3-50 ng/pl) resuspended larval DNA, 7.5 ul pure
water, 9.5 ul 2.0 Tag RED Master Mix kit, 1.5 mM
MgCl, (Apex Bioresearch, Genesee Scientific)
and 1 pl of each newly forward and reverse primer
(10 uM). Samples were denatured at 94 °C for 3 min
followed by 35 cycles of 94 °C for 30 s, 65 °C (for
B. curculionis) or 60 °C (for B. anura) for 30 s, and
72 °C for 1 min, and then a final extension at 72 °C
for 5 min. PCR products were separated by 2.0% aga-
rose gel electrophoresis and stained with SYBR safe

(Thermo Fisher Scientific, Waltham, MA, USA). We
have tested 10 individuals of each species following
this protocol.

Sensitivity and primer species specificity

Sensitivity of the assay was determined for both
primer pairs by testing serial dilutions of parasitoid
DNA. The original parasitoid DNA samples (~3 ng/
ul) were serially diluted to 600, 120, 24, 4.8, 0.9 and
0.19 pg/ul. The specificity of each pair of primers was
tested on 10 B. anura and B. curculionis individu-
als and on 10 H. postica larvae as negative controls.
10 Microctonus sp. Wesmael (Hymenoptera: Braco-
nidae), an endoparasitoid of H. postica adults, were
also tested. DNA from seven random H. postica lar-
vae was mixed with B. anura and B. curculionis DNA
to ensure efficiently detection. Products were detected
using a NanoDrop spectrophotometer (Thermo Fisher
Scientific).

Field samples

Samples were collected in the Ebro basin region
(north-east Spain), where 60% of Spanish alfalfa is
cultivated (Delgado and Lloveras 2020). We selected
35 commercial fields located along four differ-
ent counties (1-Urgell, 2-Segria, 3-Baja Cinca and
4-Monegros) during the 2019 and 2020 seasons.
All fields were insecticide-free during the study
period. Larvae were collected by 20 sweeps, each of
180°, with a 38-cm diameter net (Bio-quip, Rancho
Dominguez, CA USA) and were separated into three
groups over the next 24 h.

Field rates of parasitism detected by classical rearing

The first set of 20-300 larvae per field (L3-L4) were
kept in 500-ml polyethylene cages (maximum 50 lar-
vae per cage) and provided with fresh alfalfa every
2 days. Cages were maintained in a climatic cham-
ber at 22° C, 8:16 (light: dark) photoperiod and 50%
relative humidity until pupation. We counted H. pos-
tica pupae, Bathyplectes puparia and dead larvae
on a daily basis, and removed them from the cage.
Bathyplectes anura and B. curculionis were distin-
guished by the characteristics of the puparia. We also
recorded (1) the total number of H. postica adults that
emerged; (2) the number of larvae showing symptoms
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of infection by Z. phytonomi (brown or black color
and soft body) according to Los and Allen (1982);
and (3) the number of parasitoid adults that emerged
from puparia. These puparia were kept under labora-
tory conditions (2443 °C) for 12 months. The rate
of parasitism and the effective rate (percentage of
parasitoid adults that emerged among field para-
sitized reared H. postica larvae) by each species were
calculated.

Field rates of parasitism detected by molecular
analysis

A second set of 50 larvae per field (L3-L4) was
immediately frozen at—80 °C and used to esti-
mate the rate of parasitism by PCR with the newly
designed primers. A third set of 150 larvae in total
was used to detect parasitoid DNA in different larval
instars. We therefore collected a similar number of
L2, L3 and L4 larvae, which were immediately fro-
zen at— 80 °C. Larvae from both sets were 3% bleach
rinsed and stored in individual Eppendorf before fro-
zen. Individual larvae were squashed prior to extrac-
tion using sterile pestles. Total DNA was extracted
from each larva using the DNeasy 96 Blood Kit (Qia-
gen). PCR was carried out to detect the presence of
B. curculionis and/or B. anura as described above,
with three technical replicates per sample. Products
were separated by 2% agarose electrophoresis, and
analyzed using a ChemiDoc transilluminator (Bio-
Rad Laboratories, Hercules, CA, USA). Samples with
the anticipated band sizes were recorded as positives.
Parasitism rates were calculated by dividing the total
number of individuals with anticipated bands by the
total number of samples.

Data analysis
The Shapiro-Wilk test was used to determine

whether or not the original data was normally dis-
tributed. If not, data were arcsin-transformed before

analysis. To evaluate differences between results from
both methods (classical and molecular), in the case
of normally distributed data, a t-test was performed.
For data that did not satisfy the condition of normal-
ity required for parametric tests, a Wilcoxon signed
rank test was used. The same analysis was performed
to compare the rate of parasitism within each larval
instar between B. anura and B. curculionis. Statistical
analysis was carried out using JMP Prol5 (SAS Insti-
tute, Cary, NC, USA).

Results

Design of COI primers specific for B. anura and B.
curculionis

COI DNA fragments were successfully amplified
from total B. anura (OM641987), B. curculionis
(OL413497) and H. postica (OL413498) DNA.
The fragments were cloned, and the corresponding
sequences were confirmed against GenBank. The
sequences were aligned in UGENE to identify non-
matching bases suitable for the design of unique
primers (Table 1). Accordingly, the Bcfw3 forward
primer and Berv3 reverse primer were designed to
amplify a COI fragment specific for B. curculionis,
whereas the 2Bafw2 forward primer and 2Barv2
reverse primer were designed to amplify a COI frag-
ment specific for B. anura (Fig. 1).

Sensitivity and primer species specificity

Sensitivity of the new PCR method was tested on 1:5
serial dilutions of DNA from each parasitoid spe-
cies. Successful amplification was achieved using
as little as 3.2 pg of B. curculionis DNA or 15 pg of
B. anura DNA, whereas no amplification products
were detected when using H. postica or Microctonus

Table 1 Primer pairs that

. . Species
specifically amplify COI

Primer names

Sequence (5'—3') Product size

gene fragments from B. B. curculionis Befw3
anura and B. curculionis Berv3
B. anura 2Bafw?2
2Barv2

AGACCTGATATAGCCTTTCCTCG 422 bp
ATTGGATCTCCACCCCCAGAA
AAGAATATCCGCACAACGAA 448 bp

TCATTGATGACCAATTGATTT
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100bp Bc Ba Hp Msp. NT

100bp Bc Ba Hp Msp. NT

B. curculionis primers

448 bp
—

LR |

B. anura primers

Fig. 1 Analysis of COI amplicons by 2% agarose gel elec-
trophoresis. The primers specific for B. curculionis (Bcfw3
and Bcerv3) generate a 422-bp product. The primers specific
for B. anura (2Bafw2 and 2Barv2) generate a 448-bp prod-

sp. DNA. We then mixed DNA from seven random
H. postica samples with B. curculionis or B. anura
DNA, and found that the parasitoid DNA was still
detected efficiently even with a large excess of H.
postica DNA.

Rates of parasitism detected by classical rearing

The total mortality of H. postica larvae varied during
the 2019 and 2020 seasons. In 2019, mortality ranged
from 0% to almost 30% due to unknown causes,
whereas in 2020 up to 100% of the H. postica larvae
in some fields were killed by the entomopathogenic
fungus Zoophthora phytonomi (Arthur) (Zygomy-
cetes: Entomophthorales) (Table 2). Yearly parasitism
rates per field ranged from less than 2% to more than
30%, with mean values of 15.4+2.3% in 2019 and
5.1£1.6% in 2020 (Table 2). The parasitism rate by
B. anura was higher in 2019 (12.0 +£2.6%) than 2020
(4.2+1.3%). Similarly, the parasitism rate by B. cur-
culionis was higher in 2019 (3.4+1.6%) than 2020
(0.940.3%). In one field during 2019, the parasitism
rate exceeded 17 +2.6% (Table 2a). The effective par-
asitism rates in 2019 were 6.9 +1.0% for B. anura and
3.5+2.6% for B. curculionis, but in 2020 both species
achieved effective parasitism rates of only 1+0.4%.

uct. The left-hand lane in both gels shows 100-bp size mark-
ers. Bc, Bathyplectes curculionis; Ba, Bathyplectes anura;
Hp, Hypera postica negative control; Msp, Microctonus sp.
and NT, no template control (without DNA)

Rates of parasitism detected by molecular analysis

A total of 1750 H. postica larvae were tested using
this protocol. The PCR test detected much greater
variability in the parasitism rate per field compared
to classical analysis, ranging from 0% to more than
60.4%. The mean parasitism rate due to B. anura was
20.7+2.7% in 2019 and 10.7+1.7% in 2020, and the
equivalent values for B. curculionis were 18.0+5.1%
in 2019 and 12.4+2.6% in 2020. Accordingly, B.
curculionis achieved a slightly lower parasitism rate
than B. anura in 2019 but the ranking was reversed in
2020 (Table 2b). DNA from both parasitoid species
was not detected in the same H. postica larvae.

Yearly statistical tests showed significant differ-
ences between the classical and molecular meth-
ods for both parasitoids. The PCR assay detected
a significantly greater rate of parasitism than the
classical method in 2019 for B. anura (t=-3.63,
df=13, p=0.0031) and for B. curculionis (z=3.14,
p=0.0016), and the same was true for 2020 (B.
anura z=3.00, p=0.0026; B. curculionis z=3.60,
p=0.0003).

The analysis of parasitized instars revealed that B.
curculionis and B. anura DNA was found at a similar
rate in L3 larvae (~ 15% of specimens) and L4 larvae
(~10% of specimens), but that only B. curculionis
parasitized L2 larvae (~20% of specimens). These
results indicate that B. anura prefers to parasitize
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completely due to greater reproductive capacity and
aggression, and more successful host finding (Har-
court 1990). Our new molecular method detected
up to seven times as many parasitism events as the
classical technique, indicating greater sensitivity and
thus more reliability when estimating the rate of par-
asitism, as suggested for other species (Agusti et al.
2005; Gariepy et al. 2008; Gomez-Polo et al. 2014).
Furthermore, the molecular method suggested for
the first time that the rate of parasitism caused by B.
anura and B. curculionis does not differ by so wide
a margin as suggested by the classical method (Pons
and Nuiiez 2020; Levi-Mourao et al. 2021). The
mean rate of parasitism was similar for both species,
suggesting that the two species coexist in the alfalfa
crops of north-east Spain. Moreover, the classical and
molecular methods both showed that B. anura was the
prevalent species in March, when H. postica begins
to attack alfalfa crops, whereas B.curculionis was
slightly more prevalent during April. This indicates a
succession from one species to the other, as recently
reported (Levi-Mourao et al. 2021) and may explain
the absence of multiparasitism by both species.

The major and most effective parasitoid of H. pos-
tica in some regions of North America is thought to
be B. curculionis (Berberet and Bisges 1998; Rad-
cliffe and Flanders 1998; Soroka et al. 2019). How-
ever, its effectiveness is often comprised by the
encapsulation of the parasitoid egg by hemocytes
in the host hemocoel (Berberet et al. 2003; Salt and
van den Bosch 1967; Shoubu et al. 2005). H. pos-
tica L1 larvae have little defense against parasitism,
but 30-50% of the L2-L4 instars survive as a result
of encapsulation (Berberet et al. 1987; van Den
Bosch and Dietrick 1959). This may explain why we
detected a larger number of B. curculionis parasit-
ism events by PCR compared to conventional rear-
ing. PCR-based methods can overestimate the rate
of parasitism because they detect parasitoids that
are already neutralized by the host immune system,
whereas the classical method allows the direct meas-
urement of parasitoid survival (Traugott et al. 2006).
On the other hand, classical rearing techniques are
influenced by the mortality of parasitoids under lab-
oratory conditions, which can result in partial data
loss (Tilmon et al. 2000). Furthermore, the puparia
of each species have different environmental require-
ments to complete their life cycle, which can also
influence the results. For example, B. curculionis can
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extend its diapause up to 10—12 months in an unfa-
vorable environment (Radcliffe and Flanders 1998),
but high emergence rates were achieved by placing
the puparia in a refrigerator for 4-6 months before
transfer to an environment set at 21 °C with a 12-h
photoperiod (Jacob and Evans 2000; 2004). The low
effective rate of parasitism we observed in the case of
B. curculionis may be due to the maintenance of the
puparia in rearing cages under laboratory conditions.
In contrast to B. curculionis, B. anura eggs are almost
never encapsulated by H. postica (Maund and Hsiao
1991; Puttler 1967). This may explain the correlation
between the two methods during 2019, when there
was no additional mortality caused by Z. phytonomi.

Our results also showed that B. anura females
prefers L3 H. postica larvae because no DNA was
found in L2 larvae, agreeing with previous findings
(Bartell and Pass 1980; Dowell and Horn 1977). In
contrast, B. curculionis targeted L2 larvae, concur-
ring with reports showing that this species favors
early-instar H. postica larvae and that this is strictly
related to high parasitoid larval survival (Duodu and
Davis 1974; Barney et al. 1978). The differences in
larval instar preference probably reflects the length of
the ovipositor, which is longer for B. curculionis and
facilitates the utilization of early instars still hidden
in unfolded leaves and buds (Dowell and Horn 1977).
Our results also suggest that B. anura has a shorter
larval development phase than B. curculionis.

Given the differences in parasitoid occurrence,
development, and host instar preferences, alfalfa
crop management during the first cutting could be
optimized to enhance the survival and develop-
ment of B. anura and B. curculionis. Bathyplectes
anura can survive and complete its development
during alfalfa weevil infestation because it appears
earlier in the field, favors late-instar host larvae and
develops more quickly (Levi-Mourao et al. 2021).
In contrast, the survival of B. curculionis can be
seriously compromised by the timing of first cutting
because it appears later in the field (mainly during
the second half of April, when most H. postica lar-
vae have nearly completed development) and favors
young larvae which are increasingly scarce by this
time point (Levi-Mourao et al. 2021; Levi et al. in
preparation). The commercial cutting of alfalfa at
the end of April eliminates almost the entire H. pos-
tica population, so bringing this forward to reduce
yield losses could severely limit the availability of
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hosts for B. curculionis. A delay in this practice
can help to the survival of this parasitoid species.
Beside this, a recent study in the Ebro Basin on the
efficacy of a winter alfalfa cutting (Levi-Mourao
et al. 2022) to reduce the egg population and to pre-
vent the development of larvae of H. postica at the
first alfalfa commercial cutting, shows that the lar-
val density was significantly reduced, whereas the
rate of parasitism increased, especially B. anura,
the prevalent species at the beginning of the spring.
Furthermore, the reduction of alfalfa weevil larvae
below the economic thresholds, enhanced by the
winter cutting, would allow delaying the date of the
first commercial cutting and, in turn, B. curculionis
survival.

Parasitism rates in 2020 were lower than in 2019
due to the presence of Z. phytonomi. Epizooties of
this fungus occur in years with high rainfall (Barney
and Armbrust 1981; Kuhar et al. 1999). This was the
case in 2020 but not in 2019, which featured a dry
winter. Although, Z. phytonomi kills H. postica lar-
vae and is considered an important biological control
agent (Harcourt and Guppy, 1991; Giles and Obricky,
1997), it also kills parasitoid larvae (Giles et al. 1994;
Kuhar et al. 1999). Our results show that epizootic
infections of this fungus disrupt the alfalfa wee-
vil-parasitoid system under Spanish crop conditions.
The lower B. anura parasitism rate in 2020 suggests
that this species was probably the most affected by
the fungus. B. curculionis appears later in the study
area and therefore has an advantage over B. anura
because the environmental conditions no longer favor
the spread of the disease, increasing the likelihood of
host survival until pupation and thus the survival of
the parasitoid.

Parasitism rates in 2019 varied at the field level,
with maximum values of 37% for B. anura and 17%
for B. curculionis. This agrees with other studies in
the same area, where variable rates were reported
with a maximum of 30% (Pons and Nuiiez 2020).
These parasitoids were most effective when intro-
duced into North America to control the alfalfa wee-
vil. The rate of parasitism with B. curculionis tended
to be high, at times exceeding 90% in the mild San
Francisco Bay and Pleasanton areas, but this approach
was much less effective in the hotter San Joaquin Val-
ley (Radcliffe and Flanders 1998). Rearing studies
conducted in south-western Canada revealed B. cur-
culionis parasitism rates of up to 17% (Soroka et al.

2020). This suggests that environmental conditions
play a key role in the success of parasitism, with hot-
ter temperatures inhibiting parasitoid performance,
and can explain our lower rates recorded in our study
area. In other regions of North America, where B.
anura tends to be the prevalent species (as is the case
in Spain), the rate of parasitism was similar to our
findings (Harcourt 1990; Berberet and Bisges 1998).

In conclusion, our new molecular strategy provides
information about the ecology of B. anura and B. cur-
culionis, reveals the prevalence of both species, and
contributes to the development of biological control
strategies in Europe. Our results show that specific
primers can be used to detect and identify both endo-
parasitoid wasps in alfalfa weevil specimens, and pro-
vided an alternative way to estimate the rate of para-
sitism in the field. One drawback of the new method
is its tendency to overestimate the rate of parasitism
by counting unsuccessful events. Accordingly, we
recommend that DNA analysis should be combined
with conventional rearing to determine the effective
rate of parasitism and also to accommodate interac-
tions with other species that are not specifically tar-
geted by the molecular assay. In spite of the potential
of Bathyplectes sp. as a biological control agent for
H. postica, it seems that the alfalfa crop manage-
ment system currently performed in Spain may be
unfavorable to their control capacity. However, the
incorporation of a winter cutting and the delay of the
first spring alfalfa cutting, which increase the rates of
parasitism of B. anura and can help to the survival
of B. curculionis, respectively, are tools that can be
included in integrated pest management strategies
in Spain and, potentially, in other Mediterranean
countries.
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