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Abstract
The Mediterranean fruit fly, Ceratitis capitata, is a severe pest of orchards around the world and has recently invaded
orchards in northern Iran. The soil-dwelling larvae of this pest are amenable to control by entomopathogenic nematodes
(EPNs) but have been studied only in tropical orchards. To assess the biocontrol potential of Iranian strains of two EPN
species, Heterorhabditis bacteriophora (boj) and Steinernema carpocapsae (z1), for control of C. capitata, we conducted
a series of laboratory and a field experiment. the highly virulent nature of S. carpocapsae towards C. capitata larvae was
apparent, demonstrating near 80% efficacy at a concentration of 25 infective juveniles (IJs) per cm2 in loam soil, surpassing
the 40% control exerted by H. bacteriophora. When tested at temperatures of 19, 25, and 30°C, Steinernema carpocapsae
caused the highest mortality at 25°C (85%) and the lowest at 30°C (58%), whereas control by H. bacteriophora was not
affected by temperature (44–50%). Both EPN strains caused higher mortality in loam and clay loam soils than in sandy
loam. Heterorhabditis bacteriophora produced significantly more IJ progeny from infected larvae than S. carpocapsae.Both
S. carpocapsae and H. bacteriophora caused only moderate mortality of C. capitata pupae with 38 and 27%, respectively,
at a rate of 50 IJs/cm2. Under field conditions, both species caused significant mortality when sprayed at a concentration
of 25 IJs/cm2 on soil and tangerine fruits infested with C. capitata larvae, with 45 and 69% mortality for H. bacteriophora
and S. carpocapsae, respectively. Our findings suggest that S. carpocapsae (z1) could be implemented as a biological agent
in a C. capitata management program in temperate climate orchards.
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Introduction

TheMediterranean fruit fly, Ceratitis capitata (Wiedemann)
(Diptera: Tephritidae), is one of the most important pests of
tropical, subtropical, and temperate fruit crops in many parts
of the world (Elqdhy et al. 2024). It is highly polyphagous,
known to attack 362 species of wild and cultivated plants
within 161 genera and 63 families (Liquido et al. 2024).
The significant losses caused by this fly result from dam-
age caused by the egg-laying activity and the feeding of
larvae within the fruits’ pulp (Dias et al. 2022; James et al.
2018; Mokrini et al. 2020). Moreover, the presence of the
pest also restricts the export of fruit to uninfested areas,
further adding to financial losses of producers (Ovruski
and Schliserman 2012). Many of the control methods used
for this pest focus on controlling the adults, using insecti-
cides, baiting methods (Flores et al. 2011; Mokrini et al.
2020; Urbaneja et al. 2009) and, in some places, the release
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of sterile males (James et al. 2018; Toledo et al. 2023).
Much research on this pest has been dedicated to finding
environmentally friendly control techniques and production
methods to avoid negative impacts on non-target organisms,
environmental pollution, and the development of insecti-
cide resistance, all resulting from excessive insecticide use
(Desneux et al. 2007; Dolinski 2016).

The fly spends a significant part of its life cycle in the
soil (Elqdhy et al. 2024). The third-instar larvae drop from
the fruit to the ground to bury to a depth of 5–15cm where
they pupate and eventually emerge as adults. This tephri-
tid can go through 3–7 generations per year (Papadopoulos
2008). Egg hatch duration is influenced by seasonal tem-
perature which ranges from 10–15d during autumn and
spring, shortened to 2–3d during summer, and extended
during winter contingent upon ambient temperature con-
ditions. The larval period lasts 10–14d during summer to
2–3 weeks in spring and autumn. The duration of each stage
also can be affected by the specific type and quality of the
fruit that serves as the host. The pupal stage may last 6–13d
at 24.4–26.1°C to a minimum of 19d at 20.6–21.7°C (Abd-
Elgawad 2021).

A broad spectrum of soil-dwelling biocontrol agents
such as entomopathogenic nematodes (EPNs) (Rhabdi-
tida: Steinernematidae and Heterorhabditidae) may target
multiple life stages of the target pest. Specifically, the sub-
terranean developmental phases, encompassing the larval,
prepupal, and pupal stages, as well as the vulnerable period
immediately following adult emergence, represent potential
opportunities for biocontrol intervention. EPNs are obligate
parasites of insects with an infective juvenile (IJ) stage that
seeks out a host and penetrates it through natural body
openings to ultimately reach the host’s hemolymph, where
it releases symbiotically associated bacteria (Xenorhabdus
and Photorhabdus species) from its gut (Kaya and Gaugler
1993). These bacteria, producing different antibiotics and
secondary metabolites, kill the host within 48–72h and then
break down the host tissues, thus providing the conditions
and nutrients for the nematodes to feed on and develop.
The nematodes go through 1–3 generations until the host
cadaver is depleted at which point a new cohort of IJs
emerges from the cadaver and seeks a new host.

EPNs in the genera Steinernema and Heterorhabditis
possess great potential to control a broad range of soil-
borne insect pests (Koppenhöfer et al. 2020) including sev-
eral species of tephritid fruit flies in orchards of tropical
and temperate climates (Maniania et al. 2017; Shapiro-Ilan
et al. 2017; Elqdhy et al. 2024). A number of studies have
examined the potential of EPNs for control of C. capitata
in laboratory and greenhouse studies (Elqdhy et al. 2024)
but field studies have been very limited and restricted to
tropical orchards (mango, papaya, guava) and to the EPN

species Steinernema feltiae, S. riobrave, and Heterorhabdi-
tis baujardi (Maniania et al. 2017).

Given that C. capitata has in recent years invaded or-
chards, particularly citrus orchards, in the northern regions
of Iran along the southern shore of the Caspian Sea (Mazan-
daran Province), which have a warm temperate climate, it
appeared timely to study the potential of EPNs for control of
C. capitata under these different conditions. We were par-
ticularly interested in testing indigenous EPN strains which
may be better adapted to the regional climate conditions.
Identifying native isolates and assessing their performance
against the susceptible life stages of the fruit fly under field
conditions to find the most efficient isolate may enhance
pest management programs for this pest while avoiding ex-
otic biological agents and the risk of their adverse effects
(Mokrini et al. 2020). Our investigation aimed to explore
the potential of two Iranian entomopathogenic nematode
(EPN) strains, S. carpocapsae (z1 strain) and H. bacterio-
phora (boj strain), in controlling C. capitata larvae and pu-
pae.

Material andMethods

Insect and Nematode Rearing

A C. capitata colony was started from adults obtained
from infested tangerine fruits from citrus orchards in Sari,
Mazandaran Province in northern Iran (36°30038.500N,
53°00000.100E) and was kept in plastic containers (40×
30× 15cm) in a growth chamber (25± 1°C, 65± 10% RH,
13h dark:11h light). Healthy last instar larvae (7d old)
were selected and used for all tests. Another cohort of
healthy larvae were maintained for an additional 24h to
pupate. Newly formed pupae were utilized immediately
for subsequent experiments. Heterorhabditis bacteriophora
(boj) and S. carpocapsae (z1) were obtained from the
Insect Pathology and Biocontrol Laboratory of Ferdowsi
University (Mashhad, Khorasan Razavi, Iran) and reared
in late-instar larvae of the greater wax moth, Galleria mel-
lonella (Lepidoptera: Pyralidae) (Kaya and Stock 1997).
Before use in experiments, the IJs were acclimatized at
25± 1°C for 1h and their viability checked by observing
their motility under a stereo microscope.

Laboratory Bioassayswith C. capitata Larvae

In all below experiments in the laboratory, the same exper-
imental arena was used. It consisted of a cylindrical plastic
container (4cm diam× 4cm ht) that was filled to depth of
2.5cm with 25g of dry soil (soil surface area 12.6cm2). The
soil had been sieved (5mm), then autoclaved (121°C for
120min) and finally air dried. If not mentioned otherwise,
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the soil used was a loam (36% sand, 43% silt, 21% clay, pH
7.34). IJ EPNs were evenly pipetted over the soil surface in
2.5ml water resulting in a soil moisture of 10% (w/w). Un-
treated controls received 2.5ml water only. If not otherwise
mentioned, 10 third-instar C. capitata larvae were added
and allowed to bury into the soil. Then the containers were
closed with a lid and kept in a growth chamber at 35±
10% RH and, if not otherwise mentioned, 25± 1°C (13h
dark:11h light). For evaluation, the soil in each container
was searched for larvae and pupae, mortality recorded, and
EPN infection confirmed by dissection under a stereomi-
croscope.

Dose Response to EPNs Heterorhabditis bacteriophora
(boj) and S. carpocapsae (z1) were applied at seven con-
centrations (1.63, 3.13, 6.25, 12.5, 25, 50, and 100IJs/cm2).
Mortality was evaluated after 72h. Each treatment had four
replicates, and the whole experiment was conducted twice.

Reproductive Potential Medfly in Larvae Heterorhabditis
bacteriophora (boj) and S. carpocapsae (z1) were applied
at 10, 25, 50, 100, and 150IJs/cm2. After 5d of exposure,
the C. capitata cadavers were collected, rinsed with dis-
tilled water, and placed individually on emergence traps.
The traps were kept at room temperature (25± 1°C) for 28d
to allow for the complete emergence of any produced IJs.
To calculate the reproduction potential, the total number
of emerged IJs was determined under a stereo microscope.
Each rate of each EPN species had four replicates. For
each strain, an additional two containers were treated with
50 IJs/cm2 to observed EPN development. After 4 days of
exposure, some of the cadavers infected with H. bacterio-
phora were rinsed and then dissected under a stereomicro-
scope to ensure the presence of hermaphrodite individuals.
The remaining cadavers infected for both EPN species
were dissected under a stereomicroscope after 6–8d of ex-
posure to differentiate between male and female specimens.
Microscopic slides were prepared for any individuals that
needed to be further identified under a light microscope.

Effect of Temperature On EPN Virulence The virulence of
Heterorhabditis bacteriophora (boj) and S. carpocapsae
(z1) applied at 25 IJs/cm2 was compared at 19, 25, and
30°C. Larval mortality was determined after 72h of expo-
sure. Each treatment had four replicates, and the experiment
was conducted twice.

Effect of Soil Type On EPN Virulence The virulence of
H. bacteriophora (boj) and S. carpocapsae (z1) applied
at 25 IJs/cm2 was compared in three soil types: a sandy
loam (63% sand, 24% silt, 13% clay, pH 8.56), a loam
(36% sand, 43% silt, 21% clay, pH 7.34) and a clay loam
(36% sand, 30% silt, 34% clay, pH 7.67). Larval mortality

was determined after 72h of exposure. Each treatment had
four replicates, and the experiment was conducted twice.

Virulence Against Pupae in the Laboratory

The virulence of H. bacteriophora (boj) and S. carpocapsae
(z1) to C. capitata pupae was tested at the concentration of
50 IJs/cm2 in the same arenas as used in the above experi-
ments with larvae. Pupae (1d old) were placed individually
in a 2cm deep hole in the soil and then covered with soil.
Ten pupae were placed per container. The containers were
covered with lids and transferred to a growth chamber (35±
10% RH, 25± 1°C, 13h dark: 11h light). After 2 weeks,
the soil in each container was searched for pupae and mor-
tality recorded. Each treatment had three replicates and the
experiment was conducted twice.

EPNs Efficacy Against Larvae Within Fruits On Soil in
Field Condition

The virulence of H. bacteriophora (boj) and S. carpocap-
sae (z1) against larvae within infested fruits lying on the
soil surface was evaluated in a tangerine orchard located
in Sari, Mazandaran province, North Iran (36°30038.500N,
53°00000.100E). Experimental units were plastic containers
(23cm length× 16cm width× 10cm height) containing 25g
of the same loam soil as in previous tests. Six tangerine
fruits infested by fruit flies were placed on the soil surface
of each container. The EPNs were prepared in 10ml dis-
tilled water and sprayed onto the soil and fruits at a rate
of 25 IJs/cm2 by using a hand sprayer (BEHCO, BP-2087,
BEHCO Trading Co, Hemei, Taiwan). Untreated controls
received 10ml of distilled water only. The containers were
covered with a screen mesh and placed under tangerine
trees. Each treatment had four replicates, and the experi-
ment was carried out twice. Mortality was determined 3d
after treatment by searching the soil and the fruits in the
containers and recording the number of live and dead lar-
vae and pupae. Recovered cadavers were dissected under
a stereomicroscope to confirm EPN infection.

Statistical Analysis

Abbott’s formula was used to adjust insect mortality (Ab-
bott 1925). Data were normalized by arcsine transformation
if necessary. Data in the experiments on dose response, re-
productions, temperature, and soil type were subjected to
two-way ANOVA and means separated with LSD test (P<
0.05). Data on virulence against pupae were analyzed with
student t-test (P< 0.05). The mortality data for EPNs ef-
ficacy against larvae within fruits on soil were analyzed
by one-way analysis of covariance (ANCOVA), where the
EPN species was considered as the main factor and the total
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number of larvae as a covariate followed up by Tukey HSD
test to distinguish the differences among means whether the
covariate was significant (P> 0.05). All analyses were per-
formed using SAS software, version 9.4. Means are shown
with the standard error of the mean (SEM).

Results

Dose Response to EPNs

No mortality was observed in the untreated control group.
Conversely, all recovered dead individuals whether it was
larvae or pupae from treated arenas exhibited infection by
the applied EPN species. Most larvae succeeded to enter
the pupal stage before their death. IJ concentration (F6,70=
125.09, P= 0.0001) and EPN species (F1,70 = 425.09, P<
0.0001) had a significant effect on C. capitata mortality,
but EPN species and IJ concentration significantly inter-
acted (F6,70= 10.51, P= 0.0001). For both species, mortal-
ity significantly increased with IJ concentration (Fig. 1)
and both species caused >90% mortality at 100 IJs/cm2.
However, S. carpocapsae caused >50% mortality at all
but the lowest rate of 1.63 IJs/cm2 whereas H. bacterio-
phora caused >50% mortality only at ≥50IJs/cm2. Mortal-
ity increased in a linear fashion with IJ rate for H. bacte-
riophora [y= 0.0185X+ 27.27; R2= 0.8, F1,40= 168.86, P<
0.001] and S. carpocapsae [y= 0.0103X+65.94; R2= 0.43,
F1,40= 24.22, P< 0.001].

Fig. 1 Mortality (%; mean± SEM) of last instar Ceratitis capitata lar-
vae exposed to different infective juvenile (IJ) concentrations (1.63,
3.13, 6.25, 12.5, 25, 50, and 100 IJs/cm2) of the entomopathogenic ne-
matodes Steinernema carpocapsae and Heterorhabditis bacteriophora
in the laboratory. Means with the same letter do not differ significantly
(two-way ANOVA and Fisher’s protected LSD, P< 0.05)

Fig. 2 Number of infective juveniles (IJs) (mean± SEM) of the ento-
mopathogenic nematodes Steinernema carpocapsae and Heterorhab-
ditis bacteriophora emerged per 10 nematode-infected last instar Cer-
atitis capitata larvae. The larvae had been exposed to 10, 25, 50, 100,
and 150IJs/cm2 in the laboratory. Means with the same letter do not
differ significantly (two-way ANOVA and Fisher’s protected LSD, P<
0.05)

EPN Reproduction Potential in Larvae

Both EPN species successfully reproduced in C. capitata
larvae. EPN species (F1,30= 610.28, P< 0.0001) and IJ con-
centration applied (F4,30= 505.26, P< 0.0001) significantly
affected IJ production, but EPN species and IJ concen-
tration interacted significantly (F4,30= 127.18, P= 0.0001).
Heterorhabditis bacteriophora produced significantly more
offspring than S. carpocapsae at all concentrations applied
(Fig. 2). IJ production increased with IJ concentration ap-
plied for both species, but the effect was stronger forH. bac-
teriophora, particularly at the highest IJ rate applied. All
nematode life stages (IJ, male, female, and hermaphrodite
(for H. bacteriophora)) were observed within the cadaver.

Effect of Temperature On EPN Virulence

Mortality in the untreated control was 10%. In the treated
arenas all stages recovered dead were infected by the ap-
plied EPN species. At a rate of 25 IJs/cm2, S. carpocapsae
caused significantly higher mortality than H. bacteriophora
(F1,12= 13.09, P= 0.003) but temperature had no significant
effect on larval mortality (F2,12= 1.3, P= 0.3). There was
no significant interaction between EPN species and tem-
perature (F2,12 = 1.7, P= 0.22). While mortality caused by
H. bacteriophora varied very little among the three temper-
atures (44–50%), S. carpocapsae caused greater mortality
at 25°C (87%) than at 30°C (57%) with mortality at 19°C
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Fig. 3 Mortality (%; mean± SEM) of last instar Ceratitis capitata lar-
vae exposed to 25 IJs/cm2 of the entomopathogenic nematodes Stein-
ernema carpocapsae and Heterorhabditis bacteriophora at different
temperatures (19, 25, and 30°C). Means with the same letter do not
differ significantly (two-way ANOVA and Fisher’s protected LSD, P<
0.05)

not significantly different from that at the other tempera-
tures (Fig. 3).

Effect of Soil Type On EPN Virulence

Mortality in the untreated control was 5%. In the treated are-
nas all stages recovered dead were infected by the applied
EPN species. At a rate of 25 IJs/cm2, S. carpocapsae caused
significantly higher mortality than H. bacteriophora (F1,12=
66.27, P< 0.001) and both EPN species caused higher mor-
tality in loam and clay loam than in sandy loam (F2,12=
25.73, P< 0.001). EPN species and soil type did not interact
(F2,12= 0.82, P= 0.46). S. carpocapsae caused significantly
higher mortality than H. bacteriophora (by 24–44%) in ev-
ery soil type with 77 and 87% mortality in loam and clay
loam, respectively, but only 50% in sandy loam (Fig. 4).

Virulence Against Pupae

No mortality was observed in the untreated control group.
All recovered dead pupae from treated arenas was infected
by the applied EPN species. Both EPN species caused mod-
erate mortality of pupae at 50 IJs/cm2 without a significant
difference (t1,10= 0.98, P= 0.35) between H. bacteriophora
(27± 9%) and S. carpocapsae (38± 7%).

Fig. 4 Mortality (%; mean± SEM) of last instar Ceratitis capitata lar-
vae exposed to 25 IJs/cm2 of the entomopathogenic nematodes Stein-
ernema carpocapsae and Heterorhabditis bacteriophora in different
soil types in the laboratory. Means with the same letter do not differ
significantly (two-way ANOVA and Fisher’s protected LSD, P< 0.05)

EPNs Efficacy Against Larvae Within Fruits On Soil in
Field Condition

Mortality in the untreated control was 5%. In the treated are-
nas all stages recovered dead were infected by the applied
EPN species. Both EPN species caused significant mortal-
ity when sprayed with a concentration of 25 IJs/cm2 on soil
and tangerine fruits infested with the fruit fly. The mean
mortality of larvae was significantly influenced by the total
number of larvae (i.e., covariate) (F1,13= 23.9, P= 0.003).
The adjusted percent mortality did not differ significantly
between S. carpocapsae (69± 6%) and H. bacteriophora
(45± 11%) (F1,13= 3.58, P= 0.08). In the H. bacteriophora-
treated containers, out of the total of 47± 9 (range 20–100)
larvae recovered per container 25± 10 (range 1–87) were in-
fected with H. bacteriophora. In the S. carpocapsae-treated
containers, out of the total of 49± 6 (range 30–72) larvae
recovered per container 35± 6 (range 16–68) were infected
with H. bacteriophora.

Discussion

Ceratitis capitata larvae were susceptible to two Iranian
EPN strains in laboratory and field tests. Steinernema
carpocapsae was more virulent than H. bacteriophora and
caused significant mortality even at very low concentrations
(e.g., 43% at 1.63 IJs/cm2). This is in line with previous
studies with C. capitata (Karagoz et al. 2009),Dacus cilica-
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tus (Diptera: Tephritidae) (Kamali et al. 2013), Rhagoletis
indifferens (Diptera: Tephritidae) (Yee and Lacey 2003),
and Anastrepha ludens (Diptera: Tephritidae) (Lezama-
Gutiérrez et al. 2006). In our laboratory trials, observations
indicated a high mortality rate among larvae as pre-pupae
and pupae showing that the IJs infected the larvae before
entering the pupal stage which is similar to results of Rohde
et al. (2010) with C. capitata. The observed differential ef-
ficacy between S. carpocapsae and H. bacteriophora might
be linked to the former specie’s capacity for horizontal
movement and persistence near the soil surface within
the containers which increased the probability of infect-
ing C. capitata larvae during their initial soil penetration
phase within the first 24h post-treatment, prior to pupa-
tion. At the highest concentration tested, H. bacteriophora
induced mortality levels equivalent to those achieved by
S. carpocapsae while further increases in the concentra-
tion of S. carpocapsae did not result in elevated mortality
as it already approached 100% at 50 IJs/cm2. In contrast
to our observations, Shaurub et al. (2021) found the in-
creased susceptibility of C. capitata to H. bacteriophora
than S. carpocapsae All and S. riobrave ML29 which may
be attributed to the smaller IJ size, enabling penetration
through natural host openings and possessing a dorsal tooth
facilitating cuticular penetration. Their results were simi-
lar to those of Gözel and Genç (2021) and Jean-Baptiste
et al. (2021). Medfly larvae exhibited a jumping behavior,
potentially reducing H. bacteriophora IJ infection due to
their active search strategy. In contrast, S. carpocapsae
demonstrated higher virulence at lower concentrations,
suggesting efficient attachment to mobile hosts. In addi-
tion to ambusher as well as nictation foraging behavior of
S. carpocapsae, the observed differences in efficacy may be
attributed to isolate-specific characteristics, as S. carpocap-
sae performance can vary across diverse environmental
conditions such as soil texture (Gümüşsoy et al. 2022).

According to our observation, both EPN strains demon-
strated substantial progeny production within host cadavers.
However, H. bacteriophora exhibited significantly higher
reproductive potential compared to S. carpocapsae across
all tested concentrations. This difference may be attributed
to the smaller size of H. bacteriophora nematodes, the rapid
proliferation and high density of their associated bacterial
symbiont, and the relatively smaller size of medfly lar-
vae, which could provide sufficient nutrients to support
a larger H. bacteriophora progeny compared to S. car-
pocapsae (Godjo et al. 2018). Previous studies examining
other tephritid species have also reported a superior repro-
ductive potential for Heterorhabditis spp. than S. carpocap-
sae spp. (Malan and Manrakhan 2009; Godjo et al. 2018;
Aryal et al. 2022).

Temperature is a key abiotic factor affecting the infection
of insects by EPNs (Hazir et al. 2001). Both EPN strains

testing in the present study have high potential to control
the C. capitata larvae at 25°C due to the existence of sim-
ilar temperatures in northern, northeastern, and southern
Iran as well as Africa and Middle-East. Although the mean
mortality of larvae was a little bit higher at 19°C forH. bac-
teriophora, which might be due to the superior adaptation
of the nematode strain at cooler temperatures near 20°C.
High temperature, 32°C and above (Maushe et al. 2023),
is detrimental to the ability of EPNs to infect the host as
well as their reproduction and survival, especially in term
of Steienrnematids (Kung et al. 1991). Our observation is in
line with other studies on C. capitata (Shaurub et al. 2015)
and other fruit fly species (Sirjani et al. 2009; Langford
et al. 2014; Kepenekci et al. 2015; Mandour et al. 2021).
Conversely, Rohde et al. (2010) found the highest and the
lowest mortality of C. capitata produced by EPNs at 31 and
19°C, respectively. Aatif et al. (2020) stated the highest in-
fection of B. dorsalis (Diptera:Tephritidae) when exposed to
H. bacteriophora and S. carpocapsae at 35°C. These vari-
ations in survival and virulence of EPNs across different
temperatures is likely attributable to their geographic ori-
gin. Heat tolerant strains originating from warmer climates
may exhibit higher thermotolerance but reduced virulence
and longevity (Ulu and Susurluk 2014). Host species may
influence the optimal temperature range for EPN infection,
suggesting that host-derived cues vary in their composition
or intensity under different thermal conditions, thereby af-
fecting EPN attraction (Chen et al. 2003).

In our study, both EPN strains followed the same trend
for infectivity and produced higher mortality in finer tex-
tured soils (e.g., clay loam and loam). This finding con-
tradicts the widely accepted notion that nematodes exhibit
superior performance in sandy soils compared to finer soils.
The impact of soil characteristics on EPNs cannot be gen-
eralized due to their varying effects, as noted by Koppen-
höfer and Fuzy (2006). In contrast to our observations, var-
ious studies indicate that sandy soil is superior to both silt
and clay soils in providing a more favorable microhabi-
tat for nematode-caused infection of late third instar larvae
of C. capitata (Shaurub et al. 2015). Shapiro-Ilan et al.
(2000) reported the elevated mortality of Anastrepha obli-
qua (Diptera: Tephritidae) larvae by S. carpocapsae in sand
clay mixture compared to sand and loamy sand soil (Toledo
et al. 2009). In a recent study, Elhadidy et al. (2021) found
the optimal virulence for S. carpocapsae (EGAZ 9) in sandy
loam and sandy soils at 10% moisture while a greenhouse
bioassay conducted by Mokrini et al. (2020) demonstrated
enhanced efficacy of H. bacteriophora (HB-MOR7) and
S. feltiae (SF-MOR9, SF-MOR10) against Medfly larvae
and pupae in sandy clay loam and loamy sand soils with
low moisture content (10 and 15%) compared to clay soil.
This difference might be related to discrepancies in exclu-
sive properties of the soils (Barbercheck 1992). The survival
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of IJs can also be affected by other abiotic factors like soil
pH and moisture level as highlighted by Glazer (1996). Un-
like at greater soil depths or in water-saturated soil, oxygen
level below 10% is not commonplace in the top 30cm of
soil (Shapiro-Ilan et al. 2000; Dzięgielewska and Skwiercz
2018; Glazer 2022); Thus, this factor is not considered as
the most crucial limiting factor affecting the efficacy of
EPNs in our experiment. Given that we found the maximum
virulence in the finest soil type in our experiment, dispersal
was not a limiting constraint. Furthermore, the nematodes
did not need to travel long distances within the experiment
containers, and thus the fine soil texture (e.g., clay loam)
was not an obstacle. Given the significant role of soil mois-
ture level in EPN persistence and efficacy (Koppenhöfer and
Fuzy 2006), we suggest that the soil moisture content may
have contributed to the observed trend. A similar trend was
observed with S. riobrave and H. bacteriophora against Di-
aprepes abbreviatus (Coleoptera: Curculionidae) (Shapiro-
Ilan et al. 2000) and H. bacteriophora against P. japonica
larvae (Georgis and Gaugler 1991). The pH tolerance of
indigenous EPNs may differ among different EPN species
or strains (Grewal et al. 1994, 1996) or based on the region
where they were isolated (Khathwayo et al. 2021). In the
current study, the EPN strains might be better adapted to
soils with pH <8 as the infectivity was the lowest in sandy
loam soil (pH 8.56).

The susceptibility of pupae to both EPN strains was
lower than that of larvae, and both EPN strains cause sim-
ilar mortality. Other studies also found lower efficacy of
EPNs against the pupae than larvae in C. capitata and other
fruit fly species (Toledo et al. 2023). Karagoz et al. (2009)
even observed no susceptibility of pupae of C. capitata to
different Steinernema and Heterorhabditis nematodes. This
may be due to several factors, such as cues related to host-
seeking by EPNs (Kamali et al. 2013), higher mobility of
the larvae causing the emission of a large amount of the
EPN attractant CO2 (Lewis et al. 1993; Shapiro-Ilan et al.
2017), poorly sclerotized integument of larvae as well as
the small size of the spiracle opening in pupae which hin-
ders IJ penetration (Gözel and Genç 2021; Griffin et al.
2005). Nonetheless, some studies reported the high sus-
ceptibility of C. capitata pupae to H. bacteriophora and
S. riobrave (Barbosa-Negrisoli et al. 2009; Gözel and Genç
2021; Shaurub et al. 2021) likely because of the IJs getting
into the body before the final sclerotization of the integu-
ment. This fact explains our results of pupal mortality. Yağcı
et al. (2021) found a similar result with different isolates of
S. carpocapsae and H. bacteriophora against C. capitata.

When the nematodes were sprayed over the infested
fruits in field conditions, they showed high infectivity to
larvae pointing at the high potential of these nematodes
to manage the overwintering population of C. capitata on
tangerine fruits. As the temperature decreases in autumn,

the final instar larvae within the fruits enter the soil to
commence the pupal stage (Sirjani et al. 2009) giving the
nematodes an opportunity to infect them. Our observation
indicates that IJs successfully infected host larvae within
fruits, particularly in case of H. bacteriophora, known for
its cruiser foraging behavior, or on the soil prior to pupation,
when host resistance is typically elevated. Similarly, S. fel-
tiae produced higher mortality than H. bacteriophora of
C. capitata larvae in apricot-infested fruits on soil (Mokrini
et al. 2020). Heve et al. (2017) reported the high capacity of
H. bacteriophora to control Anastrepha suspensa (Diptera:
Tephritidae) at 100 IJs/cm2 in the field. The differences be-
tween the performance of EPNs in such tests may be related
to environmental factors such as temperature, humidity, UV
radiation that have a direct effect on their mobility, persis-
tence, development, reproduction and pathogenicity. The
optimum level of these factors differs among isolates and
species (Rohde et al. 2020). In a similar study, Shapiro-
Ilan et al. (2015) stated that S. carpocapsae was more re-
sistant to UV and desiccation than H. bacteriophora which
confirms our findings in this test.

Our study shows that S. carpocapsae could be used
as a biological agent in the management program of the
C. capitata. Application of these nematodes, especially as
a soil drench, could be an effective measure to control this
pest in citrus orchards with longer harvesting periods in
which many infested fruits fall onto the wet soil. Nonethe-
less, additional attempts should be made to identify more
virulent native EPN isolates in field conditions and to study
their ecological characteristics such as optimal soil mois-
ture, soil type, temperature, etc. against this pest. Further-
more, the efficacy and biology of the EPNs should be stud-
ied in more detail in combination with other biotic and
abiotic factors under field conditions.
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Kepenekci İ, Hazir S, Özdem A (2015) Evaluation of native ento-
mopathogenic nematodes for the control of the European cherry
fruit fly Rhagoletis cerasi L. (Diptera: Tephritidae) larvae in soil.
Turk J Agric For 39:74–79. https://doi.org/10.3906/tar-1403-96

Khathwayo Z, Ramakuwela T, Hatting J, Shapiro-Ilan DI, Cochrane N
(2021) Quantification of pH tolerance levels among entomopatho-
genic nematodes. J Nematol. https://doi.org/10.21307/JOFNEM-
2021-062

Koppenhöfer AM, Fuzy EM (2006) Effect of soil type on infectivity
and persistence of the entomopathogenic nematodes Steinernema
scarabaei, Steinernema glaseri, Heterorhabditis zealandica, and
Heterorhabditis bacteriophora. J Invertebr Pathol 92:11–22.
https://doi.org/10.1016/j.jip.2006.02.003

Koppenhöfer AM, Shapiro-Ilan DI, Hiltpold I (2020) Advances in
the use of entomopathogenic nematodes (EPNs) as biopesti-
cides in suppressing crop insect pests. In: Birch N, Glare T (eds)
Biopesticides for sustainable agriculture. Burleigh Dodds Science
Publishing, Cambridge, pp 195–232 https://doi.org/10.19103/AS.
2020.0073.10

Kung SP, Gaugler R, Kaya HK (1991) Effects of soil temperature,
moisture, and relative humidity on entomopathogenic nematode
persistence. J Invertebr Pathol 57:242–249. https://doi.org/10.
1016/0022-2011(91)90123-8

Langford EA, Nielsen UN, Johnson SN, Riegler M (2014) Suscep-
tibility of Queensland fruit fly, Bactrocera tryoni (Froggatt)
(Diptera: Tephritidae), to entomopathogenic nematodes. Biol
Control 69:34–39. https://doi.org/10.1016/j.biocontrol.2013.10.
009

Lewis EE, Gaugler R, Harrison R (1993) Response of cruiser and am-
busher entomopathogenic nematodes (Steinernematidae) to host
volatile cues. Can J Zool 71:765–769. https://doi.org/10.1139/
z93-101

Lezama-Gutiérrez R, Molina-Ochoa J, Pescador-Rubio A, Galindo-
Velasco E, Ángel-Sahagún AC, Michel-Aceves AC, González-
Reyes E (2006) Efficacy of Steinernematid nematodes (Rhabdi-
tida: Steinernematidae) on the suppression of Anastrepha ludens
(Diptera: Tephritidae) larvae in soil of differing textures: labora-
tory and field trials. J Agr Urban Entomol 23:41–49

Liquido NJ, Mcquate GT, Hanlin MA, Suiter KA (2024) Host plants of
the Mediterranean fruit fly, ceratitis capitata (Wiedemann). ver-
sion 3.5. USDA CPHST Online Database. https://www.ars.usda.
gov. Accessed 20 Feb 2024

Malan AP, Manrakhan A (2009) Susceptibility of the Mediterranean
fruit fly (Ceratitis capitata) and the Natal fruit fly (Ceratitis rosa)
to entomopathogenic nematodes. J invertebr Pathol 100:47–49.
https://doi.org/10.1016/j.jip.2008.09.007

Mandour NS, Nouh GM, Sarhan AA, El-Basha NA (2021) Infectiv-
ity, production and host finding of Heterorhabditis bacteriophora
HP88 and Steinernema feltiae (Filipjev) against Ceratitis capi-
tata. J Appl Plant Prot 10:103–108. https://doi.org/10.21608/japp.
2021.234785

Maniania NK, Ekesi S, Dolinski C (2017) Entomopathogens routinely
used in pest control strategies: orchards in tropical climate. In:
Lacey L (ed) Microbial control of insect and mite pests: from the-
ory to practice. Academic Press, Amsterdam, pp 269–282 https://
doi.org/10.1016/B978-0-12-803527-6.00018-4

Maushe D, Ogi V, Divakaran K, Mogena AMV, Himmighofen PA,
Machado RAR, Towbin BD, Ehlers RU, Molina C, Parisod C,
Robert CAM (2023) Stress tolerance in entomopathogenic nema-
todes: engineering superior nematodes for precision agriculture.
J Invertebr Pathol 199:107953. https://doi.org/10.1016/j.jip.2023.
107953

Mokrini F, Laasli SE, Benseddik Y, Joutei AB, Blenzar A, Lakhal H,
Sbaghi M, Imren M, Özer G, Paulitz T, Lahlali R, Dababat AA
(2020) Potential of Moroccan entomopathogenic nematodes
for the control of the Mediterranean fruit fly Ceratitis capitata
Wiedemann (Diptera: Tephritidae). Sci Rep. https://doi.org/10.
1038/s41598-020-76170-7

Ovruski SM, Schliserman P (2012) Biological control of tephritid fruit
flies in Argentina: historical review, current status, and future
trends for developing a parasitoid mass-release program. Insects
3:870–888. https://doi.org/10.3390/insects3030870

Papadopoulos NT (2008) Mediterranean fruit fly, Ceratitis capitata
(Wiedemann) (Diptera: Tephritidae). In: Capinera JL (ed) Ency-
clopedia of entomology. Springer, Dordrecht https://doi.org/10.
1007/978-1-4020-6359-6_1774

Rohde C, Moino A Jr, Da Silva MAT, Carvalho FD, Ferreira CS (2010)
Influence of soil temperature and moisture on the infectivity of
entomopathogenic nematodes (Rhabditida: Heterorhabditidae,
Steinernematidae) against larvae of Ceratitis capitata (Wiede-
mann) (Diptera: Tephritidae). Neotrop Entomol 39:608–611.
https://doi.org/10.1590/S1519-566X2010000400022

Rohde C, Mertz NR, Junior AM (2020) Entomopathogenic nema-
todes on control of Mediterranean fruit fly (Diptera: Tephriti-
dae). Rev Caatinga 33:974–984. https://doi.org/10.1590/1983-
21252020v33n412rc

Shapiro-Ilan DI, McCoy CW, Fares A, Obreza T, Dou H (2000) Effects
of soil type on virulence and persistence of entomopathogenic
nematodes in relation to control of Diaprepes abbreviatus
(Coleoptera: Curculionidae). Environ Entomol 29:1083–1087.
https://doi.org/10.1603/0046-225X-29.5.1083

Shapiro-Ilan DI, Hazir S, Lete L (2015) Viability and virulence of en-
tomopathogenic nematodes exposed to ultraviolet radiation. J Ne-
matol 47:184–189

Shapiro-Ilan DI, Hazir S, Glazer I (2017) Basic and applied research:
Entomopathogenic nematodes. In: Lacey L (ed) Microbial con-
trol of insect and mite pests: from theory to practice. Academic
Press, Amsterdam, pp 91–105 https://doi.org/10.1016/B978-0-
12-803527-6.00006-8

Shaurub EH, Soliman NA, Hashem AG, Abdel-Rahman AM (2015)
Infectivity of four entomopathogenic nematodes in relation to en-
vironmental factors and their effects on the biochemistry of the
Medfly Ceratitis capitata (Wied.) (Diptera: Tephritidae). Neotrop
Entomol 44:610–618. https://doi.org/10.1007/s13744-015-0332-
3

Shaurub ESH, Soliman NA, Sabbour MM (2021) Development of
the soil-inhabiting stages of Ceratitis capitata infected with
entomopathogenic nematodes: insights on survival. Int J Inver
Rep Dev 65:155–162. https://doi.org/10.1080/07924259.2021.
1920482

Sirjani FO, Lewis EE, Kaya HK (2009) Evaluation of entomopathogenic
nematodes against the olive fruit fly, Bactrocera oleae (Diptera:
Tephritidae). Biol Control 48:274–280. https://doi.org/10.1016/j.
biocontrol.2008.11.002

Toledo J, Williams T, Pérez C, Liedo P, Valle JF, Ibarra, JE (2009) Abi-
otic factors affecting the infectivity of Steinernema carpocapsae
(Rhabditida: Steinernematidae) on larvae of Anastrepha obliqua
(Diptera: Tephritidae) Biocontrol Science and Technology 19(9)
887-898. https://doi.org/10.1080/09583150903180429

Toledo J, Morán-Aceves BM, Ibarra JE, Liedo P (2023) Can ento-
mopathogenic nematodes and their symbiotic bacteria suppress
fruit fly pests? A Review. Microorganisms 11:1682. https://doi.
org/10.3390/microorganisms11071682

Ulu T, Susurluk I (2014) Heat and desiccation tolerances of Het-
erorhabditis bacteriophora strains and relationships between
their tolerances and some bioecological characteristics. Invert
Surviv J 11:4–10

K

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



N. Samadaei et al.

Urbaneja A, Chueca P, Montón H, Pascual-Ruiz S, Dembilio O, Vana-
clocha P, Abad-Moyano R, Pina T, Castañera P (2009) Chemi-
cal Alternatives to Malathion for Controlling Ceratitis capitata
(Diptera: Tephritidae), and their side effects on natural enemies in
Spanish citrus orchards. J Econ Entomol 102:144–151
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