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Abstract: Trapping is considered a powerful tool in the monitoring and control of fruit flies of high
economic importance such as the Mediterranean fruit fly, Ceratitis capitata (Diptera: Tephritidae).
However, the cost of trapping and, in some cases, the safety of the chemicals used as baits are
concerning for growers and the environment. Here we present a novel, low cost, environmentally
friendly, female-specific bait for C. capitata, called Biodelear, that consists of a mixture of attracting
compounds such us pyrazines, pyranones and amorphous nitrogen-based polymers. The new bait
was compared to the commercially available attractant Biolure® (Suterra LLC, Bend, OR, USA) in
Greece. McPhail-type traps were deployed in an orange orchard located in Athens. Five traps per
treatment were used for several weeks during 2009 and four traps per treatment in 2010. Traps
contained either 17 g of Biodelear or one Biolure Unipack dispenser. The results showed that both
baits were highly efficient in attracting C. capitata females, and to a lesser extent, males. Although
Biolure initially appeared to outperform Biodelear, later in the season the two attractants converged
in efficacy. In both years, female captures were similar in traps baited with Biolure and Biodelear.
However, male captures were higher in Biodelear-baited traps in 2010. In addition, Biodelear seemed
to be longer lasting than Biolure, despite not being formulated into a slow-release dispersion system.
The low cost of Biodelear and its strong, long-lasting effects render it suitable for mass trapping of
the Mediterranean fruit fly.

Keywords: fruit flies; Diptera; Tephritidae; Mediterranean fruit fly; medfly; bait; trapping; IPM;
sustainability; attractants; lures; lure and kill

1. Introduction

Pest management strategies are inseparably linked to detection and population moni-
toring of the target population with adult trapping being by far the most effective, simple
and reliable tool used for achieving them [1–3]. Trapping can also serve as a control method
by itself, aiming to mass-trap the pest insect and thus reduce its population bellow economic
injury levels [4,5]. The development of mass-trapping devices (traps) and the discovery of
novel powerful attractants comprises a large part of entomological research [6,7]. Modern
technologies involve advanced trapping systems which are long lasting, easy-to-use, pow-
erful, and selective for the target insect pest [8]. However, the commercially available lures,
which are highly efficient, are at the same time rather costly. As a result, there are cases
where the economic viability of mass trapping is questioned because the high density of
traps required may be too expensive to implement [9–13].
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The Mediterranean fruit fly (medfly), Ceratitis capitata (Wiedemann) (Diptera: Tephri-
tidae) is one of the most destructive insect pests worldwide [14]. Infesting more than
300 fruit and vegetable species and having a cosmopolitan geographic distribution that is
ever expanding, medfly exerts a direct economic loss to growers and dramatically affects
national and international fruit commerce [15–18]. If medfly populations are not managed,
infestation often exceeds 50% of the total fruit produce and in ‘preferred’ hosts, infes-
tation may reach 100%. Moreover, it is considered among the most aggressive invasive
species threatening fresh fruit production in areas well beyond its current geographic
distribution [19–21]. From the ancestral habitats of the east sub-Saharan Africa, medfly has
dispersed first to Mediterranean countries and then to South and Central America, and
Australia. Currently the fly is frequently detected in California, North America and central
European countries [22,23]. Extensive detection and population monitoring projects relying
on adult trapping have been implemented in several areas all over the globe [24–28]. Tradi-
tionally, attractants (baits) based on aqueous, proteinaceous solutions and/or fragmented
sugar, were used to attract adult medflies to food traps (usually in McPhail-type traps).
These traps capture males and females of C. capitata as well as other non-target fruit flies and
species of other taxa, including beneficials [26,29,30]. The first breakthrough in C. capitata
trapping came in the early 1960s when the potent male attractant Trimedlure (tert-butyl
4 (and 5)-chloro-2-methyl-cyclo-hexane-1-carboxylate) was discovered [31–34]. Jackson
traps baited with Trimedlure have been used worldwide for detecting and monitoring
populations of C. capitata for several decades. It took almost four decades to reach another
breakthrough in medfly trapping, the development of a powerful system to attract females
based on food-related compounds [4,25,35]. This system is composed of three compounds,
ammonium acetate, putrescine and trimethylamine, loaded separately in a sophisticated
dispersion unit and is commercially available as Biolure® Unipack (Suterra LLC, Bend,
OR, USA). These attractants, placed in McPhail-type traps, have proven very effective
and medfly-specific in several tropical and temperate areas after extensive experimental
trials coordinated by the International Atomic Energy Agency (IAEA) over a period of
several years [25]. This system provides reliable information on population fluctuation and
is also sensitive in detecting populations early in the season and under low population
densities [36,37]. Following the development of the above system by R.R. Heath and his co-
workers, similar products (e.g., Tripack® MFL; Kenogard SA, Ferag CC D TM®, Barcelona,
Spain) were developed and are used against the medfly [7,8,38–40].

The cost of the above systems is a major issue that restricts its use in developing bait
stations and as a part of a lure and kill control technique [41,42]. Biolure costs approximately
€5 per dispenser (in the Greek market, 2022) and a recent economic analysis showed that
the cost of using it for mass trapping in citrus cultivations can exceed €100 per 0.1 ha per
year [43]. This cost is prohibitively high for farmers, especially in developing countries.
Therefore, despite the substantial progress made, there is still a need for developing
inexpensive, long-lasting attractants for the Mediterranean fruit fly and other fruit flies.

Recent laboratory studies revealed that adult medflies and other fruit flies are strongly
attracted to a novel environmentally friendly product named Biodelear after the ancient
Greek words “βιoς” (life) and “δέλεαρ” (lure, attract, entice, decoy). Biodelear is a liq-
uid product of the Maillard reaction between fructose and urea. It consists of pyrazines,
pyranones, heterogeneous amorphous polymers as well as other ingredients, which de-
compose slowly and release compounds attractive to fruit flies. Biodelear has a very low
cost and no toxicity to the environment [44]. An economic analysis on the prospective
use of Biodelear in citrus cultivations, using 17 gr of Biodelear per trap, showed that the
cost of mass trapping per 0.1 ha per year would be €30 if ten traps were used, with the
attractant being replaced five times during the season [43]. In addition, in recent mass
trapping experiments of C. capitata conducted in citrus orchards in the island of Chios,
Greece, Biodelear appeared to be very effective to reduce fruit infestation when used in
conjunction with plastic McPhail traps [45]. That work did not involve a direct comparison
of Biodelear with the commercially available Biolure attractant.
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Reported herein are field studies testing the efficacy of Biodelear in capturing C. capitata
compared to the standard Biolure trapping system that is widely used for monitoring and
detecting medfly populations [46]. Our results show that Biodelear used in McPhail traps
is as attractive and long-lasting while being inexpensive compared to Biolure.

2. Materials and Methods
2.1. Field Sites

Field trials were conducted in 2009 and 2010 in the arboretum of the Agricultural
University of Athens Greece (37.9816940, 23.7071017). The climate of Athens is typical
Mediterranean, classified as subtropical Mediterranean (Köppen Csa) [47]. The adult popu-
lation of C. capitata peaks during summer and autumn [48,49]. The experimental orchard
was about 0.8 to 1 ha, situated at 30 m above sea level. It comprised several citrus species
(sweet oranges C. cinensis; sour oranges, C. aurantium; mandarin oranges, C. nobilis; lemons,
Citrus limon; and grapefruits, C. paradisi) as well as certain other hosts and non-hosts.

2.2. Traps and Attractants

In all experiments we used the commercially available plastic McPhail-type trap, Anel
(Figure 1; Anel Standard Co, Athens, Greece). This trap is composed of a transparent upper
part and a yellow bottom part. Insects enter the trap through a 4-cm diameter opening
in its lower part. To kill and retain the attracted flies, 300 mL of 10% aqueous propylene
glycol solution was placed in the bottom of the trap in all treatments [50]. Each week the
aqueous propylene glycol solution was replaced. Using these traps, we compared the newly
developed attractant Biodelear to the standard Biolure Unipak formulation distributed
in Greece by Hellafarm Ltd. (Athens, Greece). A flat 8.0 × 5.0 × 0.2 cm piece of sponge
(Wettex, Athens, Greece) impregnated with Biodelear was placed in a small plastic basket
suspended from the ceiling of the trap above its entrance. Biodelear was in a semi-viscus,
water-soluble state and the amount required to saturate the sponge was 13.5 mL in volume
(about 17 g in weight). The sponge was left to dry out before being suspended to the trap.
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Figure 1. The McPhail type trap used in our trapping experiments to host both the Biodelear and the
Biolure dispensers.

In all field trials, traps were deployed on 20 to 30-year-old sweet orange trees, planted
6 m apart. The traps were suspended in a shadowed part of the tree canopy at ≈1.8 m from
the ground, and at a distance of ≈20 m from one another [50]. A randomized complete
block experimental design was followed without trap rotation. Each block comprised one
trap with Biodelear, one with Biolure and also one trap without any attractant to serve as
a baseline (negative control). We used 5 blocks in 2009 and 4 blocks in 2010. Traps were
checked every 1–3 days to a week, and captured flies were recorded and removed from
the traps.
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The experiments conducted in 2009 were run from September to November and in
2010 from June to December. For comparative purposes, the results of 2010 were treated
as two successive two-month periods (the first from June to August and the second from
September to December). During the second trapping period we also tested the field aging
of both attractants. Traps were installed on 22 June and were checked until the 6th of
October (15 weeks period). Therefore, the same dispensers were used from June to October
(June–September for the 1st test; September–December for the 2nd test). Additionally, on
26 August 2010 we set out four additional blocks baited with fresh dispensers of either
Biolure or Biodelear in order to compare them with the old dispensers.

Because in each experiment, Biolure and Biodelear baited traps were treated in an
identical manner, neither the different periods of running the field trials nor the timing
of checking the traps affect the results. In fact, conducting tests at different times of the
season and under high and low population densities contributes to a more comprehensive
comparison of the two lures.

2.3. Data Analysis

To assess whether the lure (Biodelear, Biolure), the sex (Male, Female) and the date of
capture were significant predictors, we used a generalized log-linear model (GLM’s) assuming
a Poisson distribution (better describes positive integral data and is often considered for data
that violate linearity assumptions) with an overdispersion factor. Focusing on each sex and
total captures, the effect of the lure on male, female and total (males + females) medfly captures
was evaluated with a generalized log-linear model (GLM’s) assuming a Poisson distribution
with an overdispersion factor. The block was also included in the analysis since high variability
among blocks was detected. A similar model was considered to evaluate the effect of new
and old (field-aged dispensers) on captures of males, females and total. Analysis of variance
was used to determine whether the type of lure and the date were significant predictors of
the proportion of females (females/(male + female) captures) captured. All analyses were
conducted using JAMOVI (www.jamovi.org, accessed 12 December 2021) software and R
(RStudio 2013, Vienna, Austria) was used to plot graphs.

3. Results
3.1. Performance of Biodelear in 2009

In 2009 a total of 22,580 flies (86.5% females) were captured throughout the exper-
imental periods in traps baited with Biodelear, Biolure, and the negative control. Since
only 521 flies were captured in the negative control this treatment was excluded from the
statistical analysis. Overall, the number of adult captures was similar in traps baited with
Biolure and Biodelear (x2 = 0,87; df = 1, 384; p = 0.376); however, the number of females
attracted was higher than males (x2 = 765,2; df = 1, 384; p < 0.001). The date of capture was
significant as well (x2 = 204,9; df = 23, 384; p < 0.001). All interactions between factors were
non-significant (p > 0.05). Analysing captures of males and females separately, we found
that traps baited with Biodelear and Biolure captured similar numbers of males (x2 = 1.97;
df = 1, 230; p = 0.161), females (x2 = 0.64; df = 1, 230; p = 0.422), and total number of adults
(x2 = 0.91; df = 1, 230; p = 0.339), as depicted in Figure 2. The variability among blocks
was significant in all analyses (x2 > 12.96; df = 4, 230; p < 0.01), as well as the interaction
between lure and block (x2 = 10.17; df = 4, 230; p < 0.05).

The proportion of females captured ranged from approximately 60 to 100% (Figure 3)
and it was similar for the two lures (ANOVA, x2 = 1.2; df = 1, 192, p = 0.313). The trapping
date was a significant predictor of the proportion of females captured (x2 = 74.1; df = 23,
192, p < 0.001) while the interaction date by lure was not (x2 = 25.6; df = 23, 192, p = 0.321).

www.jamovi.org
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Figure 2. Boxplots (horizontal line = medians, box = quartiles, vertical line = Q1−1.5 ∗ (inter quartile
range) and Q3 + 1.5 ∗ IQR, dots = outliers) depicting captures (per trap check) of males (left), females
(centre) and total (right, males + females) medflies in trap checks conducted during October and
November 2009 in traps baited with Biodelear and Biolure.

Figure 3. Proportion of female captures in traps baited with either Biodelear or Biolure during
October and November 2009 in relation to the date of trap check.

3.2. Performance of Biodelear in 2010

In 2010, a total of 8214 flies (72.8% females) were captured throughout the experimental
period that lasted almost four months. The number of captured flies in the negative control
was very small (only 159 individuals) and this treatment was again excluded from the
statistical analysis. Similar to 2009, sex and the date of trap check were significant predictors
of adult captures (x2 = 3.95; df = 1, 96; p = 0.04; x2 = 148.265; df = 7, 96; p < 0.001 respectively)
while lure was not (x2 = 2.91; df = 1, 96; p = 0.09). All interactions were non-significant
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(p > 0.05) except for lure by trapping date (x2 = 16.5; df = 7, 96; p = 0.02). Analysing captures
of males and females separately, we found that traps baited with Biodelear captured
2.7 times fewer males than Biolure (x2 = 5.32; df = 1, 56; p = 0.021; Figure 4). Block was
a significant predictor of captures (x2 = 11.72; df = 3, 56; p = 0.008) while the interaction
between lure and block was not significant (x2 = 2.01; df = 3, 56; p = 0.570). Traps baited with
Biodelear and Biolure captured similar numbers of females (x2 = 2.31; df = 1, 56; p = 0.128).
Block was a significant predictor of captures (x2 = 17.04; df = 3, 56; p < 0.001) while the
interaction between lure and block was not significant (x2 = 0.989; df = 3, 56; p = 0.840). The
total number of medfly captures was slightly higher in traps baited with Biolure compared
with those baited with Biodelear (x2 = 4.02; df = 1, 56; p = 0.04). The variability among
blocks was significant (x2 = 16.81; df = 3, 56; p < 0.01); however, the interaction between
lure and block was not significant (x2 = 1.58; df = 3, 56; p = 0.66). Female selectivity was
similar between the two attractants (x2, p < 0.05).
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Figure 4. Boxplots depicting captures (per trap check) of males (left), females (center) and total
(right, males + females) medflies in trap checks conducted during July and August 2010 in traps
baited with Biodelear and Biolure.

3.3. Field Aging of Biodelear in Trials Conducted in 2010

The results of the field aging comparison are given in Figure 5 and demonstrate a
clear difference between the old and the new dispensers in male, female and total captures
(x2 > 35.61; df = 1, 80; p < 0.001). The new dispensers captured significantly higher numbers
of flies than the old ones. Traps baited with fresh lures (either Biodelear or Biolure) captured
2.2 times more flies than those baited with old attractants. Overall (including old and fresh
lures) the traps baited with Biolure captured more males (x2 = 27.31; df = 1, 80; p = 0.001),
similar numbers of females (x2 = 3.23; df = 1, 56; p = 0.07) and higher numbers of males and
females (x2 = 4.64; df = 1, 56; p = 0.031). In all analyses, block was a significant predictor of
captures (p < 0.05), while lure by age of the dispenser and lure by block interactions were
not significant (p > 0.05).
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4. Discussion

The results of the present study demonstrate that the new low cost bait Biodelear [44] is
very effective in attracting C. capitata adults and in particular females. Biodelear performed
satisfactorily and in most cases proved equally effective to the commercially available
product Biolure. In fact, except for the beginning of the second experimental year, when
Biodelear attracted fewer females than Biolure, overall, the two baits had a comparable
performance. Evidently, the population size was different in the two years. Various factors
influence the population of the medfly such as a very mild winter, and host availability,
which may give rise to large population differences among years. This is not uncommon in
insect populations and particularly in fruit flies (Diptera: Tephritidae). Interestingly, the
performance of the two attractants was similar under low and high population densities,
early and late in season.

The attractive components of Biodelear for Tephritids are derived through the Mail-
lard reaction between urea and fructose under specific conditions [44]. One of the main
precursors of the Maillard reaction, and a constituent of Biodelear, is the compound pyra-
none ((+/−)-2, 3-Dihydro-3, 5-dihydroxy-6-methyl-4(H)-pyran-4-one) [51]. This compound,
either alone or in combination with other compounds, is probably responsible for the se-
lectivity of Biodelear for C. capitata females. Strong evidence for this was provided in a
recent study by Mavraganis et al. [52] in which bodies of male Mediterranean fruit flies
were extracted with diethyl ether or methanol and subjected to gas chromatography-mass
spectrometry. Analysis revealed substantial quantities of pyranone and other hitherto
unreported volatile compounds in both wild and laboratory males. In laboratory tests these
extracts were found to attract virgin females. Furthermore, in a citrus orchard, traps baited
with extracts of wild males, or blends of compounds from males, including pyranone,
displayed substantial attractiveness to virgin females compared to control traps [43].

The Maillard reaction, a non-enzymatic reaction between amino acids and reducing
sugars [53,54], has been extensively studied in the thermal treatment of foodstuffs, during
which browning effects are caused due to the formation of various aromatic compounds
along with melanoidins. Melanoidins are nitrogen-containing, amorphous (i.e., with no
regular structure and no specific molecular weight) polymeric substances, which have
an intense brown colour and are frequently exploited in food technology. In foodstuff
preparation, through oxidation procedures, melanoidins and simple aromatic compounds
of low molecular weight and organoleptic properties are formed [55–58]. Likewise, in
the Maillard reaction between urea and fructose during the manufacturing of Biodelear,
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aromatic compounds of low molecular weight are formed. These compounds are released
over several weeks under field conditions and attract insects. The products are considered
non-toxic to humans and to the environment since they have been used extensively in the
food industry. It must also be noted that these products have been patented for use as
feedstuffs for animals such as ruminants [59–61].

The search for effective fruit fly attractants has been an area of intensive research
for several decades. The control of C. capitata has historically relied on pesticides, which
are currently avoided for their toxicological effects on the environment. At present, bait
stations as part of lure and kill control techniques are in demand for the control of medfly as
an alternative to standard insecticide sprays [42]. Such methods could easily be combined
with biological control, the sterile insect technique, integrated pest management and other
control methods with reduced negative impact on the environment. Either alone or in
conjunction with these other methods, lure and kill (i.e., mass trapping) control techniques
could be a powerful tool in the control of fruit flies and drastically diminish over-reliance
on insecticides.

Usually, a large number of traps or bait stations are required per hectare rendering
the cost of these control methods an important issue in developing countries and world-
wide [62]. Based on the price of urea and fructose in the international market (Alibaba
22 January 2022), the cost of the 17 gr of Biodelear required per trap is less than €0.03. On
the other hand, the cost of Biolure in the Greek market is €5.085 per dispenser. An extensive
economic analysis on the prospective use of Biodelear in citrus cultivations revealed the
cost of mass trapping per 0.1 ha per year would be €30 if ten traps were used with the
attractant being replaced five times during the season. The recommended trap density for
mass trapping with Biolure would be seven traps per 0.1 ha serviced three times during
the season, which amounts to €106.785 per year [43], which is more than three times that of
Biodelear. In the above analyses the cost of the traps was not factored in given that traps
can be cleaned and used over several growing seasons.

The performance of Biodelear was high not only when tested in the arboretum of
Athens but also in the citrus producing Kampos area of Chios Island from September to
December 2015 [45]. These experiments involved mass trapping performed with McPhail
traps baited with Biodelear or traps baited with Biolure and resulted in a substantial
reduction in the population of C. capitata compared to control treatments. Although Biolure
initially appeared to be better than Biodelear in mass trapping, later in the season the
two attractants converged in efficacy. In both the Biodelear and Biolure treatments, sweet
orange and mandarin orange fruits were significantly less infested compared to control
treatments. Although these results are rather encouraging, to extract rigorous conclusions
on the performance of the attractant Biodelear, additional tests conducted under different
population densities and over a variety of climatic conditions need to be conducted.

To investigate if Biodelear also attracts other insects of economic importance, such
as the olive fruit fly Bactrocera oleae Rossi, and whether it is selective to bees and safe
to predatory and parasitic arthropod species, additionally studies should be performed.
Moreover, to maximize its efficacy, Biodelear should be tested with different types of traps
to find the ones which best suit the physical and chemical properties of the bait and the
behaviour of fruit flies. Its use as a bait spray supplement could also be explored. Besides
attracting medflies, Biodelear has been observed in the laboratory to also stimulate feeding
by medfly adults [63]. Therefore, the possibility of future exploitation of the new lure as a
bait spray supplement is high.
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