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Introduction

The low sexual performance of released sterile

males is a serious challenge to improving the sterile

insect technique (SIT) against the Mediterranean

fruit fly, Ceratitis capitata (Wiedemann). Studies have

focused on decreasing the negative effects of mass-

production and irradiation (Fisher 1997; Fisher and

Cáceres 2000; Calkins and Parker 2005; Parker

2005) and on understanding and enhancing the

sexual performance of sterile males (Yuval et al.

1998; Hendrichs et al. 2002; McInnis et al. 2002;

Shelly and Kennelly 2002). The exposure of sterile

males of C. capitata to the aroma of ginger root oil
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Abstract

The sterile insect technique (SIT) is widely used as part of an integrated

approach to reduce field populations of the Mediterranean fruit fly (Cer-

atitis capitata, Diptera: Tephritidae). Aromatherapy based on exposure to

ginger root oil (GRO) volatiles is known as a method to significantly

improve the sexual performance of sterile medfly males, and is being

used in many mass-rearing facilities around the world. However, the

optimum dose of GRO is not well defined. This work evaluated in labo-

ratory cages four different doses of GRO and a control (0, 0.1, 0.25, 0.5

and 0.75 ml/m3), and two different methods to hold flies prior to release

(paper bags and plastic cages). The objective was to find the lowest dose

that provides optimal improvement in mating performance of sterile

males when competing with wild males for wild females and optimal

reduction in fertility of wild females. Egg hatch, copula duration, the

Relative Sterility Index (RSI), and a Competitiveness (C) value (based

on RSI) were calculated for each treatment to assess male sexual perfor-

mance and induction of sterility. The method used to hold flies did not

influence the aromatherapy effect. The mean time spent by wild females

in copula with wild males was significantly longer than with sterile

males for all treatments, except when sterile males were treated with

0.1 ml of GRO/m3. Amongst all doses studied, it is recommended to

apply the lowest dose, 0.1 ml of GRO/m3, since at this dose both the

RSI and induced sterility reached the highest levels, and were not statis-

tically different from the 0.25 and 0.5 GRO/m3 doses. Indeed, this dose

showed a very significant improvement in the mating competitiveness

of sterile males aromatically treated with GRO.
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(GRO), Zinziber officinalis Roscoe, before release is a

simple procedure, feasible on a large scale (Shelly

et al. 2004a; b) that might allow a lower over-flood-

ing ratio in the field (Barry et al. 2003) whilst

increasing the mating performance of sterile males

up to three-fold (Shelly and McInnis 2001; McInnis

et al. 2002; Shelly et al. 2002, 2003, 2007a; Paran-

hos et al. 2008). Aromatherapy using GRO does not

affect the dispersion or survival of sterile males

under field conditions (Shelly et al. 2004a, 2006;

Paranhos et al. 2010).

However, few studies have been carried out to

determine the optimal dose of GRO oil to treat ster-

ile C. capitata males in programmes integrating the

SIT. Amongst many GRO doses evaluated to treat

sterile Mediterranean fruit fly males, Shelly et al.

(2004a) have found that doses higher than 2 ml/

PARC fly holding box [volume of 0.075 m3 ( = ca.

27 ml/m3)] had no significant effect on the relative

mating success of tsl males of the widely used

genetic sexing strain VIENNA-7 (Franz 2005). It

seems that overdoses do not provide any additional

benefit for the sexual performance of sterile males.

Besides, the routine use of a dose higher than neces-

sary will be costly in SIT programmes in which hun-

dreds of millions of sterile males are released per

week.

As has been shown in the USA (Hawaii, Califor-

nia, and Florida), maturing sterile C. capitata males

held in buckets, bags, towers, or boxes at fruit fly

emergence and release facilities can be efficiently

exposed to GRO on a mass scale using cotton wicks

or panels in which the GRO aroma is dispersed in a

closed room by ventilators (Shelly et al. 2007a). The

amount of GRO used depends on the size of the

room and the number of flies to be exposed. As little

as 20 ml of GRO has been successfully used to

expose up to 10–12 million males overnight in large

shipping trailers (�132 m3) in the California sterile

C. capitata preventive release programme (Shelly

et al. 2007a).

Two methods are widely used for ground releases

of sterile male Mediterranean fruit flies, roving fly

releases using bags or ‘chicken buckets’ and point

releases with larger containers, e.g. Plastic Adult

Release Containers (PARC) boxes (FAO/IAEA 2007).

The objective of this work was to evaluate four doses

of GRO and two different methods (paper bags and

plastic cages) to determine the minimum dose that

produces an effective improvement in mating ability

in sterile males when competing with wild males,

and also induces the most egg sterility in wild

females.

Materials and methods

Location

The experiments were carried out in the Entomology

Laboratory of Embrapa Semiárido in Petrolina-PE,

northeastern Brazil. The environmental conditions

were 25–27�C, 50–60% RH, and a photoperiod of

12:12 (L:D).

Insects

Wild C. capitata flies were derived from larval-

infested guava fruits collected in the San Francisco

River Valley of northeastern Brazil. Larvae com-

pleted development in situ, and pupae were sifted

from vermiculite placed beneath the fruits. One day

after emergence, ca. 500 flies were separated for

each sex (FAO/IAEA/USDA 2003) and maintained

inside screened cages (30 · 30 · 30 cm) in a room

under natural conditions, i.e. temperature ranging

between 27 and 31�C and relative humidity between

10 and 80%. Wild flies had free access to water and

food [1 part hydrolysed yeast protein, 3 parts sugar,

plus 10% wheat germ (by wgt)] until sexually

mature (8–10 days old).

The sterile males, which were provided by the

Biofabrica Moscamed Brasil, Juazeiro, Brazil, were

from the tsl-VIENNA-8 strain and were irradiated as

pupae 2 days before emergence with a dose of 95 Gy

of gamma irradiation from a 60Co source (Gamma-

cell 220 Excel; MDS Nordion, Ottawa, ON). Half of

the sterile males were kept in ventilated plastic cages

(21 · 13 cm) and the other half in paper bags (35 g/

m2, porosity of 15 seg/100 ml, 20 · 43 cm) at 30 ml

(ca. 1800 pupae) of irradiated pupae. Like the PARC

boxes, the plastic cages used in these experiments

had a screened opening (12 · 8 cm) on the cover

allowing for ventilation and feeding. After emer-

gence, the sterile males were kept under laboratory

conditions, with free access to a jelly prepared with

agar (10 g), water (700 ml) and bee honey (300 ml),

until the flies reached sexual maturity (4–5 days

old). To keep the males alive, the paper bags were

sprayed with water three to four times a day, and

the plastic cages were provided with water in moist

cotton. For aromatherapy, the 4- to 5-day old sterile

males were exposed to 0, 0.1, 0.25, 0.5 or 0.75 ml of

ginger root oil (GRO)/m3 applied on a piece of toilet

paper placed on the bottom of an opened Petri dish,

using a microcapillary pipette. The aroma was dis-

persed by one air fan in each room (low velocity-

180 rpm, 50–60 Hz), for 20 h, under the same lab
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conditions described above. The GRO was obtained

from Citrus and Allied Essences�, Lake Success, NY,

with 92% purity and 0.4% of a-copaene (C15H24).

The wild insects (no GRO), control sterile males (no

GRO), and sterile males exposed to each of the dif-

ferent doses of GRO, were each kept in separate

(�25 m3) rooms.

Experiments

The day before the start of a mating test, wild males

(8–15 days old) or sterile males (5–7 days old), alter-

nately, were marked on the thorax with a white dot

of water soluble atoxic ink (Faber-Castell�, São

Paulo, Brazil). Males were put inside screen bags, 10

at a time, and gently immobilized between two fin-

gers, one by one, to facilitate the marking procedure

(FAO/IAEA/USDA 2003).

The mating tests were carried out under laboratory

conditions, in Plexiglas cages (20 · 20 · 20 cm),

with free access to water and honey jelly, as

described above. The number of cages or replicates

per treatment set up on each of the experimental

days was dependent on the number of wild flies

available.

Ten wild and ten sterile males were released per

cage at 7:30, and 10 min later, when the males

were pheromone calling, ten wild females were

released inside the mating cages. All treatments

had the same number of sterile males, wild males,

and wild females (10:10:10), and both types of

males were in competition to mate with the wild

females. Mating pairs were collected individually

and kept in acrylic vials (20 ml) until the pairs

uncoupled. The pairs were collected from 7:45

until 12:30.

Soon after uncoupling, all mated females, sepa-

rately by treatment, were released inside Plexiglas

cages described above, with full access to water,

food, and grape berries for oviposition. The berries

were replaced every 24 h and dissected to collect the

eggs. The number of eggs collected in each cage was

dependent on the number of mated females in the

cages, varying from 30–170 eggs/day. Eggs were col-

lected on successive days with the goal of obtaining

500 per treatment, and were placed on moist blotter

paper in a Petri dish at 25�C, then scored for hatch

4 days later.

We recorded number of matings, copula duration,

and egg hatch for sterile and wild males. Sterile male

performance was assessed based on the Relative Ste-

rility Index (RSI) for each dose (FAO/IAEA/USDA

2003), as well as by the competitiveness value of

sterile males based on RSI, C(RSI). The RSI is

defined as follows:

RSI ¼ SW

SWþWW
;

where SW is the number of sterile copulation and

WW is the number of wild copulation. The C(RSI) is

defined as follows:

C(RSI) ¼ RSI

1 - RSI
;

which compares the proportion of sterile male mat-

ings to the proportion of wild male matings. Since

the numbers of sterile and wild males for each test is

the same (10), the expected RSI = 0.5 and the

C(RSI) = 1.0 if sterile male competitiveness equals

that of wild males.

Data analysis

The experimental design was a completely random-

ized factorial with four doses (plus a control) and

two methods of holding the flies with different repe-

titions. The number of repetitions was different for

each GRO treatment and for the two types of meth-

ods. In the control (0 ml of GRO/m3), we had 19

repetitions for paper bags and 17 for plastic cages.

For 0.1–0.5 ml of GRO/m3, we had 11 repetitions for

paper bags and 10 for plastic cages, and for 0.75 ml

of GRO/m3 we had 14 repetitions for both paper

bags and plastic cages (Calado and Montgomery

2003). Normality and variance homogeneity assump-

tions were previously tested using Smirnof–Kol-

mogorov and Levene tests, respectively (Hill and

Lewicki 2006).

A completely randomized design was used. An

analysis of variance (anova) was applied to treat-

ments (GRO doses and method) and variables (RSI,

egg hatch, and copula duration). The anova analysis

was performed using spss 2006 V. 15 GLM proce-

dure, a method unique with SST calculation Type

III, as described in Maroco (2007). Mean compari-

sons were analysed by Tukey’s honestly significant

difference (HSD) test at P = 0.05. The factor

‘method’ was never significant based on the anova

statistics, so the number of repetitions used in the

Tukey’s test was the combined number of mating

cages with flies from paper bags and plastic cages.

For sterile male copula duration, the numbers of

couples observed and analysed were 35, 20, 21, 20

and 28 for the treatments 0, 0.1, 0.25, 0.5 and

0.75 ml of GRO/m3, respectively. The corresponding

numbers of mating couples for non-treated wild
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males were 36, 19, 21, 17 and 28, respectively. An

arcsine square root transformation was applied to

the percentage data to normalize their distribution.

The data for copula duration from sterile and wild

fly couples were compared using a Student’s T-test

(Sokal and Rohlf 1995).

Results

There was no difference between the two types of

fly holding methods (paper bags and plastic cages)

for all variables studied, such as RSI (F1,126 = 0.001;

P = 0. 854), egg hatch (F1, 126 = 0. 089; P = 0. 894),

sterile male copula duration (F1, 124 < 0.001;

P = 0.990) and wild male copula duration (F1,

121 = 0. 861; P = 0. 471). The interaction term (doses

· method) was not significant for any of the vari-

ables observed. Therefore, the statistically homoge-

neous data for paper bags and plastic cages were

thereafter combined for each dose.

There was a statistical difference in the RSI

obtained for sterile males aromatically treated with

different doses of GRO (F4,126 = 7.820; P < 0.001).

The RSIs from sterile males treated with 0.1 and

0.5 ml GRO/m3 were significantly higher than the

RSI for the control dose 0 (not exposed to GRO);

whilst the RSIs for sterile males treated with 0.25

and 0.75 ml GRO/m3 were not significantly different

from the RSIs obtained for sterile males not exposed

to GRO (fig. 1). Untreated males and 0.75 ml GRO/

m3 treated males both had average RSIs lower than

0.5 indicating that those sterile males were less com-

petitive than wild males. The highest RSI value

(0.67) was obtained for the lowest GRO dose

(0.1 ml/m3).

The competitiveness values for control and treated

sterile males are shown in table 1. For unexposed

males, a C(RSI) value of 0.61 was obtained [RSI/(1 -

RSI) = (0.38/0.62) = 0.61]. For the dose of 0.1 ml/

m3, the C(RSI) was 2.03, meaning that the treated

males at that dose had ca. twice the competitiveness

of wild males and ca. 3.3 times the competitiveness

of control, unexposed males.

There was a statistical difference in egg hatch

amongst treatments (F4, 126 = 3. 631; P = 0.009).

The egg hatch was significantly higher when sterile

males were not aromatically treated with GRO (con-

trol) and when they were treated with the highest

GRO dose (0.75 ml of GRO/m3) compared to the

doses of 0.1 and 0.5 ml of GRO/m3 (fig. 2). The low-

est values for egg hatch (the highest sterility) coin-

cided with the highest mating competitiveness (RSI),

whilst the highest egg hatch values (lowest sterility)

coincided with the lowest mating competitiveness

(RSI). Higher GRO concentration did not confer

0 0.1 0.25 0.5 0.75

Doses of GRO (ml/m3)

R
SI
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Fig. 1 The Relative Sterility Index (RSI) for sterile males of Ceratitis

capitata exposed to different doses of ginger root oil (GRO) in compe-

tition with wild males for mating with wild females (where 0 ml repre-

sents control males not exposed to GRO). Inside columns are the

numbers of repetitions combined over both types of fly holding meth-

ods. Columns with the same letter do not differ significantly (Tukey’s

test, P > 0.05). Vertical bars represent the standard errors.

Table 1 Mating competitiveness values of sterile males of Ceratitis

capitata in relation to wild males, C(RSI), exposed or non-exposed to

ginger root oil (GRO) at various doses (0.0, 0.1, 0.25, 0.50 and

0.75 ml/m3), along with the degree of improvement from GRO treat-

ment at each dose, expressed as a ratio to control males (dose = 0.0).

Data were combined for both methods (paper bags and plastic cages)

GRO dose

(ml/m3)

C(RSI) value (avg.)

(RSI)/(1-RSI)

Ratio [C(RSI) treatment/

C(RSI) control]

0.00 0.61 1.00

0.10 2.03 3.33

0.25 1.25 2.08

0.50 1.63 2.64

0.75 0.75 1.23

0
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36 21 21 20 28

Fig. 2 Percentage egg hatch after 10 sterile males of Ceratitis capita-

ta exposed to different doses of ginger root oil (GRO) competed with

10 wild males for 10 wild females, in laboratory cages. Inside columns

are the numbers of repetitions combined over both types of methods.

Columns with the same letter do not differ significantly (Duncan’s test,

P > 0.05). Vertical bars represent the standard errors.
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benefits to treated males. In doses above 0.10 ml of

GRO/m3 there was no added effect, neither in the

RSI (fig. 1) nor in egg sterility (fig. 2).

There was no statistically significant difference in

copula duration for sterile males amongst different

GRO doses (F4,124 = 1.942; P = 0.108) nor in copula

duration for wild mating males collected in the dif-

ferent treatments (F4,121 = 1.524; P = 0.200). How-

ever, a Student’s t-test was performed to compare

copula duration from sterile males exposed to 0;

0.25; 0.5 and 0.75 ml of GRO/m3 and wild males

which were in competition with sterile males to

mate with wild females in each treatment. The

results showed a significant difference (P < 0.05)

between sterile and wild copula duration for treat-

ments 0; 0.25; 0.5 and 0.75 ml of GRO/m3 (fig. 3).

Thus, wild male copula durations were longer than

sterile male copulations for all treatments except

when the sterile males were treated with 0.1 ml of

GRO/m3 (fig. 3).

Discussion

Aromatherapy with GRO can be used successfully

for Mediterranean fruit fly males emerged and kept

in paper bags or in plastic cages. The a-copaene

attractant present in GRO (Shelly 2001) apparently

enters equally into the paper bags and the plastic

containers to treat sterile males. However, paper

bags are not recommended in fly holding places with

low humidity, because flies are not easily provided

with water leading to high mortality before reaching

the age of release and sexual maturity, as recom-

mended by McInnis et al. (2013).

Aromatherapy improved the RSI in laboratory

mating competitiveness experiments, and increased

the sexual success of sterile males to mate and trans-

fer sperm, instead the females fertility decreased.

The mating competitiveness of sterile males, C(RSI),

at a dose of 0.1 ml/m3 was more than three times

that of untreated sterile males and twice that of wild

males. However, for doses higher than 0.1 ml of

GRO/m3, there was no additional beneficial effect in

sexual performance (RSI) or in egg sterility. In fact,

males treated with the highest GRO dose (0.75 ml of

GRO/m3) showed a non-significantly lower sexual

competitiveness compared to the lowest dose (0.1 ml

of GRO/m3), with RSI values of 0.43 and 0.67,

respectively. Thus, we observed that the lowest

tested concentration of GRO could be optimally and

successfully used for C. capitata aromatherapy in

operational SIT programmes. Also, Morelli et al.

(2013) working with the same dose (0.1 ml of GRO/

m3) found that male exposure to GRO aroma

resulted in a reduction of female receptivity after

mating, comparable to matings with wild males. This

mating reduction was, in turn, greater than that

found for females mated with sterile non-exposed

males, and this was evident for both the remating

rate and the mean number of matings achieved per

female. Nevertheless, the experiments performed

were conducted in small laboratory cages so the data

should be confirmed in standard field cage tests

according to the standard quality control manual

(FAO/IAEA/USDA 2003). After many studies show-

ing the improvement of C. capitata sterile male sexual

performance after treatment with GRO, Shelly and

coworkers (2007a) also did not find any additional

benefit above the significant mating advantage

already shown for all doses when ca. 10–12 million

sterile males kept in PARC boxes in trailers (132 m3)

were treated with increasing amounts of GRO-18, 36

and 45 ml, i.e. 0.13, 0.27 and 0.34 ml/m3.

It is known that exposing males to GRO does not

enhance male pheromone attractiveness (Papadopo-

ulos et al. 2006) nor produce consistent differences

in male courtship behaviour of sterile males (Briceño

et al. 2007), nor does it confer direct reproductive

benefits to females (Shelly 2005). Also, at the age

sterile males are treated with GRO (ca. 4 days old),

the testis are completely developed with free sperm

in the seminal vesicle (Anwar et al. 1971), and the

accessory glands contain a large amount of fluid

(Marchini et al. 2003). The fact that GRO aroma-

therapy apparently alters the male’s cuticular odour

perceptible to females at short distances (Papadopoulos

et al. 2006; Briceño et al. 2007; Shelly et al. 2007b)

Copula duration (h) 

Sterile mating Wild mating

b

a

b

b

b

a

a

a

a

a

(t = –4.45; P<0.001)

(t = –0.43; P = 0.671)

(t = –3.08; P = 0.006)

(t = –3.65; P = 0.002)

(t = –5.67; P<0.001)0.75 ml GRO/m3 35 35

18 18

21

17

28

21

17

28

0 11 223 3

0.5 ml GRO/m3

0.25 ml GRO/m3

0.1 ml GRO/m3

0 ml GRO/m3

Fig. 3 Average copula duration (hours) of wild females Ceratitis capi-

tata with sterile males (grey bars) exposed to different doses of gin-

ger root oil (GRO) and with wild males (white bars). Inside columns are

the numbers of repetitions. Columns for the same treatment with the

same letter do not differ significantly by Student’s t-test. Horizontal

bars represent the standard errors.
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may account for the enhanced mating success of

GRO-exposed sterile males.

Wild matings are usually longer than sterile ones,

and can be a consequence of sterilization, since

Paranhos et al. (2008) have found longer mating

duration for fertile Vienna 8-tsl males than for sterile

ones. Indeed, when fertile males were treated with

GRO they had similar mating durations as wild

males, but the same did not happen for sterile males

treated with GRO. In this study we have found that

sterile males untreated or treated with GRO had

shorter mating durations than wild males, as found

in previous studies (Shelly et al. 2003; Paranhos

et al. 2008; Morelli et al. 2013); however, when

sterile males were exposed to 0.1 ml of GRO/m3

their mating duration was similar to wild males.

Amongst the GRO doses we have studied, 0.1 ml of

GRO/m3 was the only dose to increase the mating

duration of sterile males of the Vienna 8 tsl strain, as

above this dose there was no effect on the mating

duration.

There is no supportive study indicating how many

minutes would be necessary for medflies to transfer

a complete quantity of semen and accessory gland

fluid to avoid or decrease the possibility of remating.

Nevertheless, according to Seo et al. (1990) and Tay-

lor et al. (2001), medfly males from mass rearing

and after sterilization transfer less sperm than wild

males, and the amount of seminal fluid transferred

is not correlated with time mating. In other words,

there is no linear increase between sperm storage

and mating duration (Farias et al. 1972; Anne More-

ira Costa, unpublished data).

From an applied point of view, SIT implementa-

tion is more successful when using sterile males

treated with GRO as lower numbers of sterile males

would be required to get the same level of egg ste-

rility in wild populations compared with untreated

males (Barry et al. 2003). It is known that aroma-

therapy with GRO does not negatively affect the

dispersion and survival of sterile Mediterranean

fruit fly males (Shelly et al. 2004b, 2006; Paranhos

et al. 2010). So GRO can be used without risk in

terms of survival or flight activity to aromatically

treat sterile C. capitata males before their release, to

improve their sexual performance in the field.

Amongst doses that increased sexual performance

of sterile tsl VIENNA-8 males and the sterility they

induced, it is recommended to use the lowest dose,

0.1 ml of GRO/m3, because it was not statistically

different from doses of 0.25 and 0.5 ml of GRO/m3,

and showed the most effective improvement in the

mating competitiveness of sterile males aromatically

treated with GRO. Despite an already very low cost

on a mass scale, US $1,00/million sterile flies, even

lower doses could be tested.
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