Chapter 10
Fruit Fly Nutrition, Rearing and Quality
Control

Samira A. Mohamed, Fathiya M. Khamis, and Chrysantus M. Tanga

Abstract Tephritid fruit flies are recognized worldwide as an important threat to
the horticultural industry. Most of the species belonging to this group are highly
polyphagous attacking several important fruits and vegetables. They cause direct
damage through larval feeding and indirect losses are associated with quarantine
restrictions. The increasing awareness of the damage caused by these fruit flies to
the horticultural industry has created a demand for the development of control mea-
sures based on integrated pest management (IPM) strategies and the sterile insect
technique (SIT). However, success of the majority of these control methods largely
depends on the ability to establish cost effective rearing methods of the fruit flies as
a pre-requisite to understanding their biology, response to attractants and suscepti-
bility to various biological control agents. In the past decades, considerable advances
have been made with regard to formulations of diet for rearing fruit flies and nutri-
tional analyses for both adults and larvae. In general, insects require a diet contain-
ing a source of energy, a protein source, vitamins and certain mineral salts.
Deficiency in some of these nutrients can influence the quality control parameters of
the flies such as body size, survival, pupal weight, adult emergence, longevity, flight
ability, fecundity, fertility and mating ability. In this chapter, the role played by
nutrition in relation to different quality control parameters is discussed.
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1 Introduction

Adults of the frugivorous tephritid fruit fly species need to feed on a diet rich in
amino acids, carbohydrates, vitamins and minerals as well as water for growth,
development, survival and reproduction. Being anautogenous, females require pro-
tein for egg maturation, while males require protein for production of pheromone
and accessory gland secretions as well as for renewal of sperm supplies (Drew and
Yuval 2000 and reference therein; Yuval et al. 2007). In nature these species obtain
their dietary requirements by feeding on bird droppings, honeydew, plant exudates,
extra-floral nectaries, pollen, fruit juice, ripe fruits and microorganisms on both host
and non-host trees (Christenson and Foote 1960; Steiner and Mitchell 1966;
Bateman 1972). Several species of economic importance belong to this group and
necessitating the need to understand their biology, behaviour, host range and other
attributes, in order to develop sound management strategies for their suppression,
which in turn necessitates maintaining laboratory cultures of these insects on artifi-
cial diets. Large-scale mass rearing of insects on artificial diet is also a fundamental
requirement for producing good quality flies on a large scale for the sterile insect
technique (SIT) and for mass production of parasitoids, which are both essential
components of area-wide management of these fruit flies.

Since the beginning of the last century considerable advances have been made
with regard to the formulation of diet for rearing fruit flies and nutritional analyses
for both adults and larvae (e.g. Tanaka et al. 1965; Tsitsipis 1977; Hooper 1978,
1989; Walker et al. 1997; Vargas et al. 1993; Chang et al. 2001, 2004, 2007; Chang
2009a).

The first meridic adult diet was developed by Hagen and Finney (1950) for the
Mediterranean fruit fly (medfly), Ceratitis capitata (Wiedemann), the oriental fruit
fly, Bactrocera dorsalis (Hendel) and the melon fruit fly, Zeugodacus cucurbitae
(Coquillett) (all Diptera: Tephritidae). This was followed later by the development
of a meridic diet for other African species including the olive fruit fly, Bactrocera
oleae (Gmelin) and the Natal fruit fly, Ceratitis rosa Karsch (both Diptera:
Tephritidae) (Tsiropoulos 1992 and reference therein). The first chemically defined
diet was developed by Hagen (1953) for B. dorsalis, Z. cucurbitae and C. capitata.
Tsiropoulos (1981) argued that both the nitrogen in the diet and also the ratio of
nitrogen to carbohydrate were important parameters for optimization of a
chemically-defined diet for B. oleae. He established that a ratio of 1.6:40 of N:C
was the best for B. oleae reproduction, while a higher nitrogen content in the diet
reduced egg production and shortened the life span of the flies.

Like that of the adult diet, development of the larval diet has also been an active
area of research in terms of the diet components as well as their effects on fitness
parameters of the reared flies. Steiner and Mitchell (1966) provide a detailed account
on early studies highlighting the history of the development of the larval media,
their modifications to suit the rearing of different fruit flies species, as well as the
laboratory techniques for their efficient use. The basic essential ingredients in larval
diets are: yeast-based products, sugar, antimicrobial agents, agents for adjusting pH,
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water and bulking agents. Conventionally, bulking agents used in larval diet are
wheat bran, carrot powder, wheat mill feed, wheat shorts, grain corncob, cane and
beet bagasse (Vargas et al. 1983), soybean protein and tissue paper (Kakinohana and
Yamagishi 1991). However, there are several limitations associated with the use of
these bulking agents. These include, but are not limited to, the need for large storage
space, waste management, variability in quality, microbial and pesticidal contami-
nation (Hooper 1987) as well as issues related to availability and cost. This neces-
sitated the search for an alternative to bulking agents in larval diets. The first liquid
larval diet without a biological bulking agent was developed by Schroeder et al.
(1971) for small-scale rearing of Z. cucurbitae.

In further efforts to replace the bulking agents with an inert, reusable sponge and
to help overcome the limitations associated with solid-based diets, liquid diets that
can be used for large-scale rearing have been developed for C. capitata (Chang et al.
2007; Chang 2009b), B. dorsalis (Chang et al. 2006; Chang and Vargas 2007; Chang
2009b; Khan et al. 2011) and Z. cucurbitae (Chang et al. 2004). The liquid diet for
B. dorsalis developed by Chang et al. (2006) yielded high quality flies, as the adults
reared on this diet were identical to those reared on the conventional mill feed diet
in terms of fitness parameters as well as overall performance, paving the way for
rearing of this species on liquid diet on a large scale. Following this breakthrough,
the liquid diet technology developed has been transferred to several countries across
the world for assessment for mass rearing of various fruit fly species (Chang 2009a).
Amongst the 14 countries that participated in the liquid diet evaluation, three were
from Africa. These were, Kenya (for the African populations of B. dorsalis and the
mango fruit fly, Ceratitis cosyra [Walker]), Mauritius (for the peach fruit fly,
Bactrocera zonata (Saunders) and Z. cucurbitae), and South Africa (for C. capi-
tata). Both the Stellenbosch mass-rearing facility and the International Centre of
Insect Physiology and Ecology (icipe) have adopted the technology for their respec-
tive fruit flies on which the liquid diet was evaluated.

In Africa, like other parts of the world, diet and its related nutritional components
for laboratory reared fruit flies have improved in several phases. For example, at
icipe colonies of six fruit flies species (B. dorsalis, C. capitata, C. cosyra, Ceratitis
anonae Graham, C. rosa and Ceratitis fasciventris [Bezzi]) are currently in culture.
They were initiated on their respective host fruits for 3—7 generations depending on
the species. Thereafter, the colonies were maintained on solid carrot-based diet,
which is a modification of the diet developed by Hooper (1978) (for more details see
Ekesi and Mohamed 2011). The first three species were later adapted to rearing on
liquid diet the ingredients of which are similar in composition to that described by
Chang et al. (2006) for B. dorsalis; efforts are underway to adapt the remaining spe-
cies on the same media.

The Stellenbosch fruit fly rearing facilities in South Africa are the largest in the
continent; C. capitata is produced on a large scale of 13 million flies/week for the
SIT program on grapes in the Hex river valley (Barnes et al. 2007). The colony has
been maintained on solid-based larval diet using wheat bran as the bulking agent.
However, the inconsistency of the quality of this bulking agent, which is also often
contaminated with pesticides, resulted in the colony crashing (Chang 2009a) which
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prompted the management to evaluate use of the liquid diet developed by Chang
et al. (2004) with the aim of future implementation (Chang 2009a).

2 Effect of Fruit Fly Diet on the Fitness Parameters
of Different Developmental Stages

2.1 Adult Diet
2.1.1 Effect on Fecundity and Egg Hatchability

Adult diet quality has profound effects on the fecundity of fruit flies. For example,
Hagen (1953) demonstrated that amino acids, carbohydrate, vitamins and certain
minerals are essential for ovary development in B. dorsalis, Z. cucurbitae and C.
capitata. Tsiropoulos (1977) demonstrated that vitamins were crucial for enhancing
fertility of B. oleae and their absence in the diet led to oviposition of malformed
eggs. In a separate study the same author reported that B. oleae fed on a vitamin-
deficient diet had reduced fecundity and fertility (Tsiropoulos 1980). Interestingly,
an excess of either biotin, pyridoxine, inositol or vitamin C also resulted in reduced
fecundity in B. oleae (Tsiropoulos 1982). Also working with B. oleae, Zografou
et al. (1998) reported that amino acid analogues affected fecundity and fertility of B.
oleae. Similarly, addition of 0.25 % Vanderzant’s vitamin mixture and 0.05 % cho-
lesterol to the sucrose and yeast hydrolysate diet of the female B. oleae diet are
thought to increase fecundity and inhibit the production of mottled eggs (George
and Ruhm 1977).

Ferro and Zucoloto (1990) and Cangussu and Zucoloto (1997) reported that,
although C. capitata females produced eggs when fed only sucrose, egg production
was significantly enhanced when protein was also consumed. Also Harwood et al.
(2013) demonstrated that the egg laying abilities of laboratory-reared C. capitata
and Z. cucurbitae was delayed or suppressed by limiting access to dietary protein.
The authors also demonstrated that access to protein at eclosion led to higher repro-
ductive ability in both species.

In a study by Davies et al. (2005) where they varied the content of both yeast and
sucrose in the adult diet of C. capitata, females laid significantly more eggs when
maintained on the highest yeast diet (7.7 %) than when maintained on diets contain-
ing lower levels of yeast. Similarly, Manrakhan and Lux (2006) evaluated the effects
of three natural food sources, varying in protein and sugar content on, amongst
other traits, the reproductive behaviour and fecundity of three African fruit flies: C.
fasciventris, C. capitata and C. cosyra. The authors found that females of the first
two species had a higher frequency of oviposition when fed on a protein-rich diet,
than those fed on a protein-poor diet. Net reproductive rate for these two species
also varied with the diet type. In a recent study by Chang (2009b), who tested the
effect of various yeasts on production and hatchability of eggs of C. capitata, B.
dorsalis and Z. curcurbitae, found that egg production was influenced by yeast type,
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but that egg hatchability was not different from that of the control (conventional mill
feed diet).

Working with Z. cucurbitae, Kaur and Srivastava (1994) demonstrated that the
absence of essential amino acids negatively affected flies’ sexual maturity and
fecundity. Similar findings were reported for C. capitata by Chang et al. (2001) who
found that flies fed on diets containing ten essential amino acids, eight non-essential
amino acids or a combination of cholesterol, inositol and choline, produced signifi-
cantly fewer eggs than flies fed on the control diet. The most prolific age for egg
production by adults was 10-d-old when the greatest number of mature eggs were
recorded in the ovaries. Also fecundity of C. capitata was significantly reduced by
omission of 10 essential amino acids or all eight non-essential amino acids from the
adult diet (Chang et al. 2004). Removal of arginine, histidine, isoleucine, leucine,
lysine, threonine, tryptophan, methionine, or valine also significantly decreased C.
capitata fecundity. In contrast, increasing the sugar content in the diet had no effect
on egg production or hatchability (Chang et al. 2001).

2.1.2 Effect on Male Mating Success

Quality and quantity of food consumed by male fruit flies has a profound effect on
male mating success (e.g. Blay and Yuval 1997; Yuval et al. 1998; Field and Yuval
1999; Kaspi et al. 2000; Shelly et al. 2005; Orankanok et al. 2013; Quilici et al.
2013; Hagq et al. 2014). The effect of adult food on sexual signaling, an important
indicator of mating success, has been extensively documented for both wild and
mass-reared male C. capitata (Papadopoulos et al. 1998; Kaspi and Yuval 2000;
Shelly et al. 2002; Shelly and Kennelly 2002; Shelly and MclInnis 2003). Also
Manrakhan and Lux (2006) reported that males of C. fasciventris and C. capitata
fed on a protein-rich diet had a higher frequency of calling and mating than those
fed on a protein-poor diet; however, diet quality did not influence the mating behav-
iour of C. cosyra. Diamantidis et al. (2008) reported that yeast hydrolysate signifi-
cantly increased sexual signaling in four populations of C. capitata. In a laboratory
study using males of a related fruit fly species, C. rosa Quilici et al. (2013) demon-
strated that the addition of proteins to the adult diet increased mating competitive-
ness of males for both wild and laboratory reared flies compared to their counterparts
fed on sugar only. The authors reported that males fed with a “full’ diet (sugar and
hydrolysed yeast) accounted for 85 % of all matings compared with 15 % for those
fed with a sugar-only diet. Similarly, C. capitata males fed on a high-protein diet
achieved a greater number of copulations compared with males fed on a no-protein
diet (Joachim-Bravo et al. 2009). More recently, Teal et al. (2013) found that an
adult diet enriched with protein hydrolysate and an application of methoprene to
adult males or pupae significantly advanced the age at which males of Z. cucurbitae
become sexually mature and improved the overall reproductive success of the males
of this species.

In B. dorsalis, immature males deprived of protein (1-12 days old) had very few
matings (<5 % total matings), compared with immature males provided with protein
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(Shelly et al. 2005). The authors further illustrated that males provided with protein
as immature adults, but deprived of protein as mature adults (>12 days old), were
competitively inferior to protein-fed males. Orankanok et al. (2013) reported that
sterile B. dorsalis males fed on sugar—yeast hydrolysate combinations for 2 days
post eclosion achieved significantly more matings than males fed only water.

Adult male diet is also an important determining factor in the length of the female
sexual refractory period, an aspect that has significant implication in fruit flies man-
agement using SIT. For example, Blay and Yuval (1997) found that C. capitata
females mated with protein-fed males are more likely to refrain from re-mating
compared to females mated with protein-deprived males. Also working with C.
capitata, Gavriel et al. (2009) reported that females mated with males fed on a
protein-deficient diet had higher re-mating receptivity than females mated with
protein-fed males. Also in a study on the effect of post-teneral nutrition on repro-
ductive success of male C. capitata Yuval et al. (2002) found that females whose
first mate was protein-deprived, remated sooner than females whose first mate was
protein-fed. Similarly, Haq et al. (2014) working on Z. cucurbitae found that females
mated with protein-deprived males showed higher re-mating receptivity than
females first mated with protein-fed males. Contrary to the findings by the previous
authors, Shelly and Kennelly (2002) reported that the inclusion of protein in the
male diet of C. capitata had no apparent effect on female remating tendency.

Other aspects associated with male mating success, such as copula duration,
sperm transfer, male participation in leks and male calling, were also found to be
affected by male diet in C. capitata and other fruit fly species (Yuval et al. 1998;
Field and Yuval 1999; Taylor et al. 2000). For instance, protein-fed C. capitata
males were more likely to emit pheromone in the lek and consequently copulate
more than protein-deprived males (Kaspi et al. 2000). Also Kaspi and Yuval (2000),
working in field cages, found that protein-fed sterile males of C. capitata were sig-
nificantly more likely to join leks and emit calling pheromone than sterile males fed
only sugar.

2.1.3 Effect on Adult Longevity

Results on the effects of adult diet on adult survival are quite variable for different
fruit fly species, and even for same species as reported by different authors. For
example, in a study to assess the effect of adult diet on longevity of sterile males of
C. capitata, Barry et al. (2007) found that males fed on diet containing hydrolyzed
yeast and sucrose lived longer than those fed on diets containing either sucrose or
only water. Also Davies et al. (2005) demonstrated that longevity of C. capitata
varied with the concentration of the yeast in the adult diet. Similarly, Faria et al.
(2008) found that incorporation of protein had a positive impact on laboratory sur-
vival of C. capitata males. In a study on longevity of Z. cucurbitae males fed on
hydrolysed yeast and methoprene treatments, it was demonstrated that adult diet
quality had a significant effect on survivorship, whereby males fed on the sugar-
protein diet throughout showed highest survival compared with those fed on sugar
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only (Haq and Hendrichs 2013). In a different study, access to protein increased life
expectancies of both C. capitata and B. cucurbitae (Harwood et al. 2013). The
authors also emphasized the positive effect of access to protein immediately after
eclosion on the longevity of both species. Also sugar concentration in the diet has
been reported by Chang et al. (2001) to have a significant effect on C. capitata
survival.

Kaspi and Yuval (2000) showed that post-teneral protein feeding by mass-reared
sterile male C. capitata, improved sexual competitiveness but led to a shorter life
span. In contrast, Shelly and Kennelly (2002) and Shelly and Mclnnis (2003)
reported no significant difference in longevity of protein-fed and protein-deprived
male C. capitata. In a separate study, Shelly et al. (2005) demonstrated similar
effects for B. dorsalis males whereby, males fed on sugar only or sugar and protein
and then only sugar had a comparable survival rate. Also Davies et al. (2005)
reported no difference in longevity of C. capitata males fed on a sugar—protein diet
compared with those fed on sugar only. Furthermore, protein intake had a differen-
tial effect on adult longevity in different populations of the same species. For
instance, Placido-Silva et al. (2006) who studied the effects of different protein
concentrations on longevity of two populations of C. capitata found that protein
intake increased adult longevity of one population but not that of the other. For B.
oleae survival of both sexes was significantly reduced by overdosing on biotin and
pyridoxine with females being more affected (Tsiropoulos 1982).

2.2 Larval Diet

The larval stage is a very important stage of fruit fly growth and development as it
dictates many fitness parameters of the adult flies. Therefore, high quality larval diet
is crucial for production of healthy adult fruit flies. Many traits of fruit flies, such as
adult reproductive success, larval mortality, larval development time, pupal recov-
ery, pupal weight, adult size, egg hatchability and flight ability of the eclosing
adults, are functions of various factors that act individually or in tandem. Although
fruit flies are anautogenous, nutritional reserves obtained during the larval stage are
one of the four factors known to influence various fitness parameters of the adult
flies (e.g. Chang 2004; Chang et al. 2000; Nash and Chapman 2014 and reference
therein).

2.2.1 Effect on Development of Immature Stages

Chang (2004) assessed the effect of inclusion or removal of amino acids from the
larval diet on development of larvae and adults of C. capitata. Larval feeding on a
diet deficient in ten exogenous essential amino acids (arginine, isoleucine, leucine,
lysine, histidine, methionine, phenylalanine, threonine, tryptophan and valine)
resulted in larval death. In the same study, larvae reared on diets that lacked all eight
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of the non-essential exogenous amino acids (alanine, aspartic acid, cystine, glu-
tamic acid, glycine, proline, serine and tyrosine), or either glycine or serine sur-
vived. However, they had significantly delayed larval development. Similarly,
Nestel et al. (2004) working with C. capitata, noted that removal of non-essential
amino acids from larval meridic diets delayed larval and pupal development and
also resulted in reduced pupal recovery. In a very recent work evaluating the effect
of dietary components on the larval life history of C. capitata, Nash and Chapman
(2014) found that reducing the protein content of larval diet by 40 % resulted in a
significant increase in overall egg to adult mortality by up to 66 % in comparison
with the standard baseline diet. They also demonstrated that addition of a novel
protein source, casein (i.e. milk protein), to the larval diet increased larval mortality
by up to 63 % and also lengthened the larval developmental time by 1.93 days in
comparison with those larvae reared on the standard diet (mill feed). Significantly
higher proportions of larvae reared on protein-rich diets survived to pupation than
those reared on low-protein diets or diets amended with casein. Also the proportion
of pupae surviving to adult eclosion was significantly lower when larvae were fed
casein compared with larvae fed starch. Variation in carbohydrates had no signifi-
cant effect on larval survival while it did have a significant effect on pupal survival.
Larval and pupal development time was significantly longer when larvae were
reared on casein. Carbohydrate diets also had no significant effect on the mean dura-
tion of larval development. In contrast, pupal developmental time varied amongst
the different carbohydrate diets.

Chang (2009b) evaluated the effect on development of B. dorsalis of incorporat-
ing different yeasts and wheat germ oil in the larval diet. The three hydrolyzed
brewer’s yeasts evaluated were FNILS65, FNI200 and FNI210, one glutamine-
enriched yeast powder (GSH), one vitamin-enriched yeast powder (RDAS500),
Korean yeast powder, whole cell yeasts, and various combinations of these treat-
ments. In this study the author established that the type of yeast used had a signifi-
cant effect on pupal recovery of B. dorsalis, which was significantly higher when
larvae were fed FNI200 and FNIL65 compared with FNI210. In a similar study,
Chang et al. (2007) evaluated several yeast-based products as ingredients in the
liquid larval diet of C. capitata. They assessed the effect on larval duration, pupal
recovery, pupal weight and other traits such as adult emergence, mating success,
percentage of fliers, egg production of the subsequent generation and egg hatch
rates. Larvae reared in a liquid diet with LBI2240:FNILS65 ratios of either 1:1 or
3:1 performed similarly to those reared on conventional mill feed-based control
diets in term of pupal recovery. Recently, Ekesi et al. (2014) demonstrated that
African populations of B. dorsalis had a higher pupal recovery and pupal weight
when the larvae were reared on diet containing an imported Lallemand yeast than
when the larvae were reared on a diet containing the local waste brewers’ yeast. For
Bactrocera latifrons (Hendel) it was found that incorporation of varying amounts of
bell pepper in the larval diet, as a source of ascorbic acid, significantly increasing
pupal recovery by up to 21 % (Chang and Kurashima 1999). Despite this the same
authors reported that an addition of ascorbic acid phosphate (>15 mg/g of diet) to
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the larval diet had a negative effect on B. latifrons development and resulted in
reduced pupal recovery and reduced pupal weight.

Other nutritional components of the larval diet that are essential for fruit fly
development are vitamins. For example, Chang et al. (2001) found that the addition
of vitamins improved larval development, pupal recovery and pupal weight in C.
capitata. In a separate study Chang and Li (2004) demonstrated the positive effect
of the addition of niacin and other B vitamins to diet on larval development of C.
capitata.

Pupal weight is an important fitness parameter that determines adult size, which
has a significant bearing on fly fertility, fecundity, longevity, flight ability and male
mating success. In turn, pupal weight is affected by several factors; the most impor-
tant is the quality of the larval diet. For instance, Kaspi et al. (2000) reported that
protein-fed C. capitata males were heavier and emerged with more protein and lipid
than protein-deprived males.

2.2.2 Effect on Adult Fitness Traits

Female fecundity and egg hatchability are important quality control parameters that
are influenced by the quality and quantity of the larval diet. For example, Kaspi
et al. (2002) investigated the effect of larval diets containing varying amounts of
protein and sugar on the size, developmental time, nutritional status and reproduc-
tive maturation of C. capitata. The authors found that protein- and sugar-fed flies
were larger in size, developed faster, and had more nutritional reserves than the
protein-deprived flies. Furthermore, the protein-fed males became sexually active
earlier than the protein-deprived males, while protein-fed females were more fertile
than protein-deprived females. Chang (2009b), who tested the effect of various
yeasts on production and hatchability of eggs of C. capitata, B. dorsalis and Z. cur-
curbitae, found that egg production was significantly influenced by the yeast type.
Also Ekesi et al. (2014) found that adult emergence, fecundity and egg hatchability
of African populations of B. dorsalis, were higher for flies from the larvae reared on
diets containing an imported Lallemand yeast compared with those from diet con-
taining the local waste brewers’ yeast. However, flight ability was not affected by
the yeast type. In a recent study, Nash and Chapman (2014) found that a 40 % reduc-
tion in the quantity of protein resulted in a significant increase (26.5 %) in the over-
all egg to adult mortality of C. capitata compared with the standard baseline diet. In
contrast, Chang and Kurashima (1999) demonstrated a considerable increase in
adult emergence of B. latifrons after incorporation of bell pepper in the larval diet.
Another important fitness parameter is flight ability, which is of vital significance
in flies to be used in SIT programmes (Collins and Taylor 2010). One of the factors
that determines the flight ability of fruit flies is the quality of the larval diet. For
instance, in a study comparing different yeasts as ingredients of larval diet of B.
dorsalis, Chang (2009b), found that flies from larvae reared on diet containing
FNI200 and FNIL65 had significantly better flight ability and mating success than
those reared on Korean yeast. Also the flight ability of B. dorsalis increased with the
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amount of wheat germ oil in the larval diet (Chang and Vargas 2007). The authors
postulated that fatty acids and vitamin E in wheat germ oil are responsible for
enhancing the flight ability. Similar effects of enhancement of flight ability as a
result of inclusion of wheat germ oil in the larval diet has also been reported for the
Mexican fruit fly, Anastrepha ludens (Loew) (Pascacio-Villafaet al. 2015). Likewise,
C. capitata reared without fatty acids had compromised flight ability (Cho et al.
2013). Cho et al. (2013) evaluated two larval diets: a conventional mill feed diet and
a fatty acid-deficient liquid diet, on the flight ability of C. capitata. The authors
found that only 20.7 % of flies from larvae reared on the fatty acid-deficient diet
displayed full flight ability. However, 97 % of those from larvae reared on mill feed
diet displayed full flight ability. The authors speculated that the nutritional defi-
ciency might have induced over-expression of the flightless-I protein (or fli-I gene)
resulting in reduced numbers of flies with normal flight ability. In general, Chang
and Coudron (2007) demonstrated that wheat germ oil influenced the stage-specific
quality of several fruit fly proteins such as stress proteins, detoxification proteins
and glutathione-related proteins. Additional reports by Chang et al. (2010) further
substantiated the findings that one mechanism of wheat germ oil actions in insect
nutrition is the modulation of gene expression. In addition to fatty acids, vitamins
were also reported to enhance C. capitata adult emergence and flight ability (Chang
et al. 2001; Chang and Li 2004).

Larval diet quality also had significant effects on immature development of B.
oleae. Hanife (2008) reported that 77 % of B. oleae larvae reared on an agar-based
diet completed development and achieved significantly higher pupal weight com-
pared with those reared on the control cellulose diet.

3 Endosymbionts and Fruit Fly Nutrition

Many insect taxa harbour microbial organisms in their bodies that affect their biol-
ogy, physiology, nutrition and reproduction. Endosymbiotic gut-associated micro-
bial communities have long been believed to have mutualistic associations with
different species of fruit flies (e.g. Petri 1910; Hagen et al. 1963; Buchner 1965;
Hagen 1966; Drew et al. 1983; Manousis and Ellar 1988; Tsiropoulos 1989; Behar
et al. 2009). These mutualistic associations could enhance the host immune system,
or be nutritional, especially for insects that rely on an inadequate food source such
as fruit flies. The first symbiotic association in Diptera was described for B. oleae
(Petri 1904, 1905, 1906, 1907, cited in Tsiropoulos 1992). Later, Hagen et al. (1963)
and Hagen (1966) proved that endosymbiotic bacteria have a significant role in fruit
fly development. The authors found that B. oleae fed on a complete diet produced
normal progeny, but addition of antibiotic to the diet resulted in larval mortality.
Also using antibiotic in B. oleae diet and radiolabeled food Tsiropoulos (1989) was
able to establish that four amino acids (alanine, hydroxyproline, proline and tyro-
sine), which are crucial for B. oleae development, were produced by the biosyn-
thetic activities of their gut microflora. Also working with B. oleae, Ben Yosef et al.
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(2010) tested the hypothesis that symbiotic bacteria contributed to the adult fly’s
fitness in a diet-dependent manner. When females were fed a diet containing non-
essential amino acids as the sole source of amino nitrogen, egg production was
significantly enhanced in the presence of bacteria. However, the presence of bacte-
ria did not affect fecundity of adults fed the sucrose-poor diet, or the protein-rich
diet. In the light of their results, the authors concluded that bacteria were able to
compensate for the skewed amino acid composition of the diet. In a recent study on
B. oleae Ben Yosef et al. (2014) proved that the predominant gut bacterium,
Candidatus Erwinia dacicola, was an essential element in the nutritional ecology of
this fruit fly species. They demonstrated that the presence of the bacteria signifi-
cantly enhanced B. oleae egg production by contributing essential amino acids and
metabolizing urea into an available nitrogen source. The authors also established
that bacteria were beneficial to females relying on bird droppings as a food source,
but not to those feeding on honeydew. They also highlighted the fact that the evolu-
tion of this symbiosis has allowed adult flies to utilize nutritionally unbalanced food
in nature.

Another African fruit fly species associated with symbiotic bacteria is C. capi-
tata (e.g. Marchini et al. 2002; Yuval et al. 2010 and reference therein; Hamden
et al. 2013; Augustinos et al. 2015; Gavriel et al. 2011). Behar et al. (2008) studied
the gut bacterial communities in C. capitata and their impact on the flies’ longevity.
The authors found that inoculations with different species in the Enterobacteriaceae
increased C. capitata longevity. In contrast, longevity was reduced by inoculations
with high levels of the pathogenic bacteria, Pseudomonas aeruginosa (Schroter)
Migula. Based on their results, the authors suggested that the community of
Enterobacteriaceae within the gut of C. capitata may, in addition to their positive
impact on nitrogen and carbon metabolism, development and copulatory success,
also have an indirect effect to host fitness by preventing the establishment or prolif-
eration of pathogenic bacteria. Ben-Yosef et al. (2008) compared the mortality rates
between antibiotic-treated C. capitata and non-treated C. capitata when they were
either maintained on sugar, or on full diet. They reported that eliminating the gut
bacterial population prolonged longevity, but only for the flies fed on sugar, indicat-
ing that the effect of bacteria on lifespan was diet dependent.

Ben Ami et al. (2010) demonstrated that the addition of the bacterium Klebsiella
oxytoca (Fliigge) Lautrop (the dominant species of gut bacterium of several teph-
ritid species [Behar et al. 2008, and reference therein]) to the diets of male C. capi-
tata being mass-reared for SIT, significantly improved their copulatory performance.
They also found that the addition of the bacteria to the post-irradiation diet not only
enhanced the level of beneficial bacterial communities within the flies gut, but also
resulted in decreased levels of the potentially pathogenic genus Pseudomonas.

Gavriel et al. (2011) also tested the effect of diets enriched with K. oxytoca, on
sexual performance of sterile C. capitata males. They established that enriching the
sterile male diet with this bacterium considerably improved mating competitiveness
in the laboratory as well as in field cages. They also reported that sterile males fed
on bacteria-enriched diet had longer life spans and were able to inhibit female
remating receptivity more efficiently. Enhancement of sexual performance in male
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C. capitata (the Vienna-8 strain) at emergence, as well as increases in male size
when mass-reared on a larval diet enriched with Klebsiella pneumonia (Schroter)
Trevisan, Enterobacter spp., or Citrobacter freundii (Braak) Werkman and Gillen
have also been reported by Hamden et al. (2013).

In a very recent study Augustinos et al. (2015) reported that incorporation of
Enterobacter sp. as a supplement to the larval diet of C. capitata resulted in reduced
rearing duration as well as an improvement of both pupal and adult productivity
without affecting other fitness traits such as pupal weight, sex ratio, male mating
competitiveness, flight ability and longevity under starvation. Yuval et al. (2010)
provides a review of recent studies on the effects of endosymbiotic bacteria on fit-
ness of C. capitata.

Similar mutualistic associations of bacteria have been reported for non-African-
tephritids. For example, as early as 1983 Drew et al. (1983) found that diets of
bacteria, sugar and water resulted in increased fecundity of the Queensland fruit fly,
Bactrocera tryoni (Froggatt), compared with those fed on the conventional diet of
autolyzed waste brewer’s yeast, sugar and water. The author concluded that the type
and abundance of bacteria on leaves and fruit surfaces have an important role in the
life history of tropical fruit flies. In a recent study to determine the gut bacterial
community in Bactrocera tau (Walker) and their effect on fecundity of this species,
Khan et al. (2014) identified eight genera and nine species of bacteria in the family
Enterobacteriaceae. They further established that B. fau females fed on a protein
diet supplemented with either Proteus rettgeri (Rustigian and Stuart) or K. oxytoca
had a considerably higher mean number of ovarioles per ovary compared with those
fed on a protein diet only.

Ben-Yosef et al. (2015) presented a different aspect of the mutualistic association
between bacteria and fruit flies. The authors demonstrated that the bacterium
C. Erwinia dacicola enabled B. oleae larvae to overcome host-plant defences when
developing in unripe olive fruits. They suggested that the bacterium counteracted
the effect of oleuropein found in unripe olives that confer immunity against fruit fly
infestation.

4 Quality Control Parameters and Recording

The concept of quality control is relevant to all kinds of production programmes,
regardless of the facilities used. In general, it is defined as ‘The sum of all attributes
deemed necessary or desirable to achieve a stated objective or expected function’
(Boller and Chambers 1977).

Quality control provides a means of optimizing insect mass rearing by identify-
ing and gradually correcting deficient production processes, thereby preserving the
genetic variability of the strain (Leppla and Ashley 1989). Therefore, quality con-
trol procedures involve development, colonization, maintenance and various other
processes that affect the production and use of insects for pest management pur-
poses. Leppla and Ashley (1989) categorized quality control of mass-reared insects
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into three main interrelated elements: (1) Production quality control which manages
the consistency, reliability and timeliness of the production output; (2) Process qual-
ity control assures the performance of the production process so that unacceptable
deviations do not occur in product quality; and (3) Product quality control regulates
the conformity of the product to acceptable standards of quality and predicts the
effectiveness of the product in performing its intended function. Aspects of mass-
rearing environments that directly affect the quality of fruit flies include artificial
larval and adult diets as well as rearing conditions (light intensity, photoperiod,
insect density, temperature, humidity etc.), which influence quality control param-
eters such as body size, survival, pupal recovery, pupal weight, percent adult emer-
gence, percent survival, longevity, flight ability, fecundity, fertility, percent egg
hatch and mating ability of the reared insects (Calkins 1989; Vargas 1989; Walker
etal. 1997; FAO/IAEA/USDA 2003). Apart from C. capitata and B. dorsalis, which
have been reared for decades in different parts of the world (Vargas 1989) with great
levels of success, the mass rearing procedures for the majority of economically
important African fruit fly species, such as C. cosyra, C. fasciventris and C. rosa,
are little known and documented.

In this regard, biological parameters are evaluated to identify possible deficien-
cies and to predict insect quality. Production can immediately be improved through
testing of key and sensitive parameters and feedback mechanisms. Tests should be
practical, uncomplicated, efficient and reproducible. A minimum number of param-
eters using the smallest sample size are recommended. In fruit fly mass rearing,
important parameters include pupal recovery, pupal weight, percent adult emer-
gence, percent survival, flight ability, percent fecundity and percent egg hatch
(Calkins 1989; Walker et al. 1997; FAO/TAEA/USDA 2003). Walker et al. (1997)
noted that there are variations between individual fruit fly species in any country
and within the same species from different countries, but that there is a range that
indicates that a colony is healthy. At the icipe facility, quality assurance is based on
the following parameters: (1) pupal recovery from the number of eggs seeded should
be >60%; (2) pupal weight, using measurements of 100 pupae of the same age,
should be consistent; (3) adult emergence should be >70 %; (4) percent fliers should
be >80 % and (5) percent egg hatch, using records from 100 eggs, should be >70 %.
The production and quality assurance in the Stellenbosch C. capitata SIT rearing
facility in South Africa largely follow the guidelines developed by FAO/IAEA/
USDA (2003) which was updated in 2014 (FAO/IAEA/USDA 2014).

4.1 Quality Control of Fruit Flies Reared on Solid Larval
Diets

On solid diets, Khan (2013) demonstrated that the parental egg hatch of the fruit fly,
B. tryoni was significantly lower when reared on carrot diet (75 %) and lucerne diet
(70 %) compared to Hooper’s bran diet (82 %) and Vargas’ bran diet (80 %). The F,
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egg hatch follows the same trend observed above on the different diets, with flies
reared on Hooper’s bran diet achieving the highest egg hatchability (83 %) followed
by the Vargas’ bran diet (82 %). The developmental duration of the larval stages was
was not significantly different on the four different diets (Khan 2013). The larval
duration on these diets ranged between 10 and 11 days. The mean pupal weight was
significantly greater for pupae recovered from Hooper’s bran diet (10 mg) and the
lucerne diet (10 mg) than from Vargas’ bran diet (8 mg). The Hooper’s bran diet
(1260+97.1) showed mean pupal yields of approximately double those found from
lucerne (658 +£16.2) and carrot (674 + 150.8) diets. Despite the high variability, there
were no significant differences between the different diets. However, there were
substantial differences amongst the diets in pupal recovery. The percentage pupal
recovery was not significantly different on Hooper’s bran diet and Vargas’ bran diet.
Although, the pupal recovery was lowest on lucerne and carrot diets, no statistically
significant difference were reported. According to the studies conducted by Khan
(2013), a greater proportion of flies emerging from pupae reared on carrot diet were
males compared with those from pupae reared on any of the bran diets (Hooper’s
bran diet and Vargas’ bran diet), which all had sex ratios closer to 50:50. The mean
sex ratio of adults emerging from the lucerne diet was intermediate but it was not
significantly different from the bran diets. This observation is supported by Khan
(2013) who indicated that it is not uncommon to find that the proportion of each sex
surviving to pupation differs on different diets. Adult emergence was reasonably
good when reared on the four solid diets ranging from>90 % for the lucerne and
carrot diets to<70 % for Vargas’ bran diet. Adult emergence was poorest (67 %) on
Vargas’ bran diet, being significantly lower than any of the other diets. The percent-
age fliers, which is the number of pupae that either failed to emerge or failed to fly
following eclosion, were significantly lower for pupae reared on Hooper’s bran diet
and Vargas’ bran diet than on the lucerne and carrot diets, which had high adult
emergence. Rate of fliers, was highest on the lucerne diet (61 %) compared with
Hooper’s bran diet, Vargas’ bran diet and carrot diet. Higher mean egg production
per female per day was observed for adult flies from larvae that had been reared on
Hooper’s bran diet and Vargas’ bran diet than for adult flies from larvae that had
been reared on lucerne diet or carrot diet. Egg latency (the period between adult
emergence and the first egg being laid by a cohort of flies) was significantly shorter
for flies reared on the lucerne diet than for those reared on the carrot diet, Hooper’s
bran diet or Vargas’ bran diet. Overall, when compared with other recent studies
(Collins et al. 2008; Collins and Taylor 2010) and the recommended standards from
the FAO/TAEA/USDA (2003), percentage fliers and rate of fliers in the studies car-
ried out by Khan (2013) on solid diet were low. According to Collins and Taylor
(2010) and Collins et al. (2008), this may be due, in part, to the lower light intensity
used which may have reduced flight ability.

Ekesi and Mohamed (2011) explored several bulking compounds including
wheat, carrot, boiled cassava, sugarcane bagasse for mass-rearing B. dorsalis, C.
fasciventris and C. rosa, and carrot supplemented with mango powder for mass-
rearing C. cosyra. They found that, for B. dorsalis, pupal recovery was generally
greatest when they were reared on wheat (65 %) followed by sugarcane bagasse
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(55 %) and carrot-based (54 %) diets, with the smallest recoveries in the cassava-
based diet (32%). Pupal weight was not significantly different amongst carrot,
wheat and sugarcane bagasse-reared flies and ranged between 13.6 and 14.1 mg.
However, pupae reared on the cassava-based diet were significantly lighter (12.5
mg) compared with the other three media. Adult emergence was significantly higher
on carrot and wheat-based diets (80-86 %) compared with the sugarcane bagasse-
based diet (7077 %). Fecundity over a 10 days period was also significantly higher
on the carrot, wheat and sugarcane bagasse diets (342-366 eggs per female) than on
the cassava-based diet (233 eggs per female). For C. fasciventris and C. rosa, all
quality control parameters from carrot and wheat diets outperformed those from
sugarcane bagasse and cassava diets. For C. cosyra, diets of carrot, carrot supple-
mented with mango and sugarcane bagasse were used. The study showed that sup-
plementing carrot with mango powder significantly increased pupal weight, egg
production and egg hatchability compared with the other diets. The authors recorded
a pupal weight of 10.5-11.7 mg when reared on carrot supplemented with mango
powder, 9.2 mg on carrot alone and 7.2 mg on sugarcane bagasse. In fruit fly mass
rearing, high pupal weight is a desirable characteristic in the production process, as
it is a good indicator of the ultimate body size of the eclosing adult. Churchill-
Stanland et al. (1986) found that the size of adult C. capitata was important for
mating success and noted that 8 and 9 mg insects achieved greatest mating success
than those that weighed 6 and 4 mg. Fly size is also a determinant of insect fertility
and fecundity. Overall, they concluded that quality control parameters from carrot,
carrot supplemented with mango and wheat diets were superior for mass rearing of
B. dorsalis, C. fasciventris, C. rosa and C. cosyra compared with diets based on
sugarcane bagasse or boiled cassava.

4.2  Quality Control of Fruit Flies Reared on Liquid Larval
Diets

Studies were done by Khan (2013) on B. fryoni in three liquid diets: Fay’s liquid
starter diet (Fay 1989), Chang’s 2006 liquid diet (Chang et al. 2006) and Chang’s
2007 liquid diet (Chang et al. 2007). Egg hatch was significantly higher for adults
reared on Chang’s 2006 liquid diet than the other diets and it was similar for adults
reared on Fay’s starter diet or Chang’s 2007 liquid diet. Larval developmental time
was significantly (12 days) longer for larvae reared on Chang’s 2007 liquid diet than
for larvae reared on Chang’s 2006 liquid diet or Fay’s starter diet. Mean pupal
weight and mean pupal yields were similar for all three liquid diets. However, the
percentage pupal recovery was significantly higher on Chang’s 2006 diet than either
Chang’s 2007 liquid diet or and Fay’s starter diet. From the flies emerging from
pupae reared on Fay’s starter diet and Chang’s 2007 liquid diet, a greater proportion
of females were observed in comparison with the number eclosing from pupae
reared on Chang’s 2006 liquid diet. Also adult emergence was very poor: 50 % for
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Fay’s starter diet, being significantly lower than Chang’s 2007 liquid diet (72 %) and
Chang’s 2006 liquid diet (83 %). Percentage fliers was significantly lower for indi-
viduals reared on Fay’s starter diet compared with Chang’s 2007 liquid diet and
Chang’s 2006 liquid diet. The lowest adult emergence, flight ability and eggs/
female/day were recorded for individuals reared on Fay’s starter diet. The percent-
age egg hatch of the F1 generation was highest for flies reared on Chang’s 2006
liquid diet (87 %), followed by Chang’s 2007 liquid diet (84 %). These quality con-
trol parameters are inferior to those reported by Collins et al. (2008), Collins and
Taylor (2010) and the recommended standards from the FAO/IAEA/USDA (2003).
The absence of adequate overhead lighting was found to be the major cause of the
low values recorded (Collins et al. 2008; Collins and Taylor 2010).

Ekesi and Mohamed (2011) used liquid diet with ingredients that were similar in
composition to those described by Chang et al. (2006) for larval rearing of four fruit
fly species: B. dorsalis, C. fasciventris, C. rosa and C. cosyra. The authors found
that B. dorsalis reared on this liquid diet had a 60 % percent pupal recovery rate,
14 mg mean pupal weight, 92 % percent adult emergence rate, a mean of 214 eggs
laid over a 10-days period (fecundity), a 72 % F; egg hatch rate (egg fertility) and a
flight ability or flier rate of 82 %. For C. fasciventris the mean values recorded were
28 % pupal recovery, 6 mg pupal weight, 65.8 eggs (fecundity, 10 days), 70 % adult
emergence, 65 % egg fertility and flight ability (78 %), while for C. rosa and C.
cosyra the mean values recorded were inferior for all these parameters in the liquid-
based diet (Ekesi and Mohamed 2011). This was unexpected, given that the nutri-
tional content of the liquid diet was quite high and had previously been found
suitable for the development of other Ceratitis species such as C. capitata (Chang
et al. 2007). Since fruit fly adaptation to artificial diets varies with species (Souza
et al. 1988; Tsitsipis 1983; Kamikado et al. 1987), it is likely that the Ceratitis spe-
cies in the study conducted by Ekesi and Mohamed (2011) would require a pro-
longed period of adaptation to the liquid diet to achieve the recommended quality
control parameters. This is in accordance with other studies demonstrating that
insect adaptation to artificial diet varies with the species and that at least ten genera-
tions were required for C. capitata to adapt to an artificial diet (Souza et al. 1988).
About three or four generations were required for B. oleae to adapt (Tsitsipis 1983)
and Z. cucurbitae required 14 generations to reach a permanent plateau (Kamikado
et al. 1987).

Khan et al. (2011) also compared three different liquid diets with the aim of
identifying easily available and low-cost protein sources as ingredients for mass
production of larval B. dorsalis. There were no significant differences in quality
control parameters such as total number of pupae produced (3350), larval duration
(7 days) male: female ratio (51:49) and percentage egg hatch (88.5 %) of B. dorsalis
reared on the control liquid diet and the modified diets. Furthermore, the pupal den-
sity (0.6), pupal weight (12.5 mg), percentage adult emergence (98 %) and percent
fliers (79 %) were almost the same amongst the control diet and the modified diets.
The authors concluded that liquid diet containing baking yeast, soy bran and soy
protein (2:1:1) used as sources of protein was highly promising for mass rearing of
B. dorsalis under laboratory conditions. According to the authors, the advantage of
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this liquid diet is that obviates the need to use a starter diet as described in Fay and
Wornoayporn (2002) and a bulking agent, thus saving on labour costs and storage
space. Liquid based diets with recyclable substrate systems are cost effective ways
to produce high quality mass-produced tephritid fruit flies.

4.2.1 Effects of Yeast in Liquid Diets

Ekesi and Mohamed (2011) compared two yeast types in liquid diet and found that
pupal recovery (62 %), pupal weight (13 mg), adult emergence (88 %) fecundity
(no. eggs/female/10 days =368 eggs) and egg hatch (70 %) of B. dorsalis reared on
diet containing Lallemand yeast was significantly higher than on the diet with the
local waste brewers’ yeast, though the type of yeast did not affect the number of
fliers (81 and 80 % for Lallemand and waste brewers’ yeast, respectively). According
to the authors, the inferior quality control parameters recorded for the waste brew-
ers’ yeast could be attributed to the high protein content of the local waste brewers’
yeast that might have been detrimental to the development of B. dorsalis. The
authors recommended that the quantity of local waste brewers’ yeast in liquid diet
should be reduced and the impact of this reduction be assessed on B. dorsalis
production.

4.3 Quality Control of Fruit Flies Reared on Host Fruit Larval
Diets

Via (1986) reported a positive correlation between preference and offspring perfor-
mance of fruit flies on different host plants in nature suggesting that these insects
have the ability to choose the host plant on which their offspring develop best and
fastest. For example, Krainacker et al. (1987) studied the quality control parameters
for C. capitata reared on 24 different hosts and reported larval development times
between 6.9 days for larvae reared on tomato and 11.7 days for those reared on
grape (Vitis vinifera L.). Carey (1984) and Rivnay (1950) obtained similar results
for C. capitata reared on many of these same hosts. In contrast, when C. capitata
was reared on apple (Malus domestica Borkh.), which is an unfavourable host,
almost all the eggs hatched within a period of 2 days but the larval developmental
duration took approximately 18 days and pupal duration took 10 days (Papadopoulos
et al. 2002). The developmental time parameters reported by Papadopoulos et al.
(2002) were found to be longer than those reported by Krainacker et al. (1987) and
Carey (1984) on the fruits of several other hosts, such as blackberry (Rubus rubri-
setus [Rydb]), cherry (Prunus avium [L.]), plum (Prunus americana Marsh.),
mango (Mangifera indica [L.]), blueberry (Vaccinium corymbosum [L.]) and rasp-
berry (Rubus idaeus [L.]). The high larval mortality as well as the long developmen-
tal period on the hosts described above indicates that these hosts were not favourable
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hosts for C. capitata, probably because of their nutritional elements, the texture of
the flesh, and secondary compounds, that are all factors that determine the suitabil-
ity of a host for development (Krainacker et al. 1987; Zucoloto 1993; Kaspi et al.
2002).

According to Krainacker et al. (1987) C. capitata larval survivorship ranged from
1 % for those reared on apricot (Prunus armeniaca [L.]) and papaya (Carica papaya
L.) to 68 % for those reared on blackberry. These values are generally below those
reported by Carey (1984) and Papadopoulos et al. (2002) with immature survival
rates of >80 % for both the eggs and pupae while the larval survival rate was relative
low (>40%). Pupal survivorship reported by Krainacker et al. (1987) was 59 to
96 %, which is in agreement with the figures reported by Carey (1984). Krainacker
et al. (1987) also found that the average pupal size of C. capitata when reared on
various host fruits ranged from 1.71 mm (e.g. on tomato) to 1.97 mm (e.g. on lychee
[Litchi chinensis Sonn.]). Pupae with the largest mean diameters were recovered
from flies reared on fruit from from rutaceous hosts.

Arita and Kaneshiro (1988) compared the mating success of male C. capitata
raised on two different host fruits. When competing for mates in the same arena they
found that, although significantly smaller in size, males emerging from coffee
(Coffea arabica [L.]) copulated more frequently than males emerging from cherry.
This observation was further supported by Whittier et al. (1994) and Kaspi et al.
(2000) who reported that male copulatory success in C. capitata was not due to their
body size, as protein-fed males were more likely to start calling earlier, and, conse-
quently more likely to copulate than protein-deprived males.

Gross fecundity of females reared on the fruits of 24 different hosts by Krainacker
et al. (1987), ranged between 490 and 690 eggs/female while net fecundity from
half of the hosts was between 350 and 450 eggs/female. The gross fecundity rates
are similar to those reported by Shoukry and Hafez (1979) at equivalent tempera-
tures, but are less than those reported by Carey (1984) at 25 °C. This difference may
have been due to temperature differences between studies (Rivnay 1950).

Krainacker et al. (1987) reported an average life span of male and female C.
capitata of 60 and 50 days, respectively. This is contrary to the figures reported by
Papadopoulos et al. (2002), who found that the greatest longevity of male and
female C. capitata was 142 and 91 days, respectively. This variation in life expec-
tancy between the two sexes has been attributed to reproductive cost, which is
higher in females than in males, hormonal differences, and other behavioural and
physiological differences between the two sexes (Vargas and Carey 1989; Carey
et al. 1995). This is also in accordance with the report by Bozzini and de Murtas
(1975), Rossler (1975) and Shoukry and Hafez (1979).

Laboratory studies of B. zonata on fruits of six host species revealed that guava
(Psidium guajava L.) was the most preferred host with pupal recoveries of 434
pupae/fruit, followed by ber (Ziziphus mauritiana Lamk; 177 pupae/fruit), banana
(Musa sp.; 120 pupae/fruit), apple (13 pupae/fruit), chikoo (Manikara zapota [L.]
Royen; eight pupae/fruit) and citrus (Citrus sp.; five pupae/fruit) (Rauf et al. 2013).
Additional studies conducted by Sarwar et al. (2013) on mango, peach (Prunus per-
sica [L.] Baksch) and apple fruits revealed that mango was the most preferred host
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followed by peach and apple, based on the mean number of pupae (173.2, 150 and
ten, respectively) formed. The pupal weight varied significantly across the different
host fruits with pupae recovered from mango weighing 6.40 mg, from peach 6.3 mg
and from apple 6.1 mg. The percentage emergence of B. zonata was 84.5 %, 81.1 %
and 75.1 % on mango, peach and apple, respectively. The results support the obser-
vation that oviposition depends upon the decision to select an appropriate host that
can support the development of their offspring (Fontellas-Brandalha and Zucoloto
2004; Joachim-Bravo et al. 2001).

Mir et al. (2014) assessed the quality control parameters of Z. cucurbitae when
reared on cucumber as a natural host source. The developmental duration of the
eggs was 12-24 h with a mean of 16.8+6.2 h. These results are in agreement with
those reported by Waseem et al. (2012) and Khan et al. (1993) who reported an
incubation period of 24.4 to 38 h on cucumber. Shivarkar and Dumbre (1985)
reported an incubation period of 1.2 days on watermelon (Citrullus lanatus [Thunb.]
Matsum and Nakai), while Koul and Bhagat (1994) recorded an incubation period
of 1.0-5.1 days when Z. cucurbitae was reared on bottle ground (Lagernaria sicer-
aria [Molina] Standl.). According to Mir et al. (2014) the mean larval developmen-
tal period was 4.5+ 1.1 days. This is slightly lower compared with studies conducted
by several other authors who reported larval developmental periods of 5-22 days
(Renjhen 1949), 5-11 days (Singh and Teotia 1970), 3-8 days (Doharey 1983) and
15 days (Shivarkar and Dumbre 1985). The pupal duration reported by Mir et al.
(2014) varied between 8 and 9 days with a mean of 8.4+0.51 days. This is consis-
tent with earlier reports on the pupal period of Z. cucurbitae by Narayanan and
Batra (1960), Agarwal et al. (1987), Dhillon et al. (2005), Shivayya et al. (2007),
Waseem et al. (2012) and Langar et al. (2013) who all reported pupal periods of 8-9
days on cucumber. According to Mir et al. (2014), the copulation period of Z. cucur-
bitae varied between 2 and 4 h, which is in accordance with the reports by Vishva
(2005), Shivayya et al. (2007) and Waseem et al. (2012), who found that a mating
period of more than 30 min was required for sperm transfer to occur, and that the
amount of sperm transferred increased progressively for up to 4 h. The pre-
oviposition period was 12.4+2.4 days and varied from 10 to 15 days, whereas the
oviposition period was 18.2+5.61 days and ranged from 12 to 28 days. This is
consistent with the findings of Hollingsworth et al. (1997), Khan et al. (1993), Koul
and Bhagat (1994) and Langar et al. (2013). Fecundity of sexually mature adult
female Z. cucurbitae range between 58 and 92 eggs with a mean of 75.8+12.5 while
egg hatchability was found to be 86.1+0.5% (Mir et al. 2014). These findings are
in agreement with those of Atwal (1986) and Langar et al. (2013) who recorded
58-95 and 50-91 eggs per female during her entire life span, respectively.

Additional studies conducted by Sarwar et al. (2013) with Z. cucurbitae on four
different vegetable crops: bitter gourd (Momordica charantia L.), aubergine
(Solanum melongena L.), muskmelon (Cucumis melo L) and pumpkin (Cucurbita
pepo L.) indicated that pupal recovery was generally greatest from bitter gourd
(134.1) followed by aubergine (8.3) and least from muskmelon (3.8) and pumpkin
(3.8). Pupal weight was also significantly different, ranging between 4.6 mg for
individuals reared on pumpkin to 4.19 mg for individuals reared on bitter gourd.
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Adult emergence was significantly higher from bitter gourd (82.6 %) compared with
from aubergine (73.7 %), muskmelon (67.2 %) and pumpkin (56.4 %). A mean total
of 110.8 adults emerged from pupae formed when Z. cucurbitae was reared on bitter
gourd which was significantly more than when reared on aubergine, muskmelon
and pumpkin (6.1, 2.4 and 2.2, respectively).

Khan et al. (2011) also conducted a similar study aimed at understanding the
relative suitability of fruits from different host plants for performance of Z. cucur-
bitae in terms of pupal number and subsequent adult emergence. More pupae devel-
oped when larvae were reared on bitter gourd (202) than cucumber (Cucumis sativus
[L.]; 193), sponge gourd (Luffa cylindsica L.; 179), aubergine (Solanum melongena
[L.]; 124), sweet gourd (Cucurbita maxima [D.]; 118), bottle gourd (Lagenaria
siceraria [Mol.] Standl; 115), pointed gourd (Trichosanthes dioica [Roxb.]; 92) and
ash gourd (Benincasa hispida [Thunb.]; 64). The fewest pupae developed when lar-
vae were reared on tomato (Solanum lycopersicum [L.]; 49). The percentage emer-
gence of Z. cucurbitae across the different host species was significantly different
and ranged from 9.2 % on sponge gourd to 85.1 % on pointed gourd, 85.4 % on ash
gourd and 87.0 % on bottle gourd. Few studies have been done on the suitability of
different host plants for rearing of Zeugodacus species. These findings shed light on
the necessity for further research to collect extensive data on demographic patterns
and niche differentiation of these polyphagous, invasive fruit flies.

References

Agarwal ML, Sharma DD, Rahman O (1987) Melon fruit fly and its control. Indian Hortic
32:10-11

Arita LH, Kaneshiro KY (1988) Body size and differential mating success between males of two
populations of the Mediterranean fruit fly. Pac Sci 42:173-177

Atwal SN (1986) Agriculture pests of India and South East Asia. Kalyani Publication, New Delhi,
p 529

Augustinos AA, Kyritsis GA, Papadopoulos NT, Abd-Alla AMM, Céceres C, Bourtzis K (2015)
Exploitation of the Medfly Gut Microbiota for the enhancement of sterile insect technique: use
of Enterobacter sp. in Larval diet-based Probiotic applications. PLoS One 10:e0136459.
doi:10.1371/journal.pone.0136459

Barnes BN, Rosenberg S, Arnolds L, Johnson J (2007) Production and quality assurance in the SIT
Africa Mediterranean fruit fly (Diptera: Tephritidae) rearing facility in South Africa. Fla
Entomol 90:41-52

Barry JD, Opp SB, Dragolovich J, Morse JG (2007) Effect of adult diet on Longevity of sterile
Mediterranean fruit flies (Diptera: Tephritidae). Fla Entomol 90:650-655

Bateman MA (1972) The ecology of fruit flies. Annu Rev Entomol 17:493-518

Behar A, Yuval B, Jurkevitch E (2008) Gut bacterial communities in the Mediterranean fruit fly
(Ceratitis capitata) and their impact on host longevity. J Insect Physiol 54:1377-1383

Behar A, Ben-Yosef M, Lauzon CR, Yuval B, Jurkevitch E (2009) Structure and function of the
bacterial community associated with the Mediterranean fruit fly. In: Bourtzis K, Miller TA
(eds) Insect symbiosis, vol 3. CRC Press, Boca Raton, pp 251-272

Ben Ami E, Yuval B, Jurkevitch E (2010) Manipulation of the microbiota of mass-reared
Mediterranean fruit flies Ceratitis capitata (Diptera: Tephritidae) improves sterile male sexual
performance. ISME J 4:28-37


http://dx.doi.org/10.1371/journal.pone.0136459

10 Fruit Fly Nutrition, Rearing and Quality Control 227

Ben-Yosef M, Behar A, Jurkevitch E, Yuval B (2008) Bacteria-diet interactions affect longevity in
the medfly, Ceratitis capitata. J Appl Entomol 132:690-694

Ben-Yosef M, Aharon Y, Jurkevitch E, Yuval B (2010) Give us the tools and we will do the job:
symbiotic bacteria affect olive fly fitness in a diet-dependent fashion. Proc Roy Soc B Biol Sci
277:1545-1552

Ben-Yosef M, Pasternak Z, Jurkevitch E, Yuval B (2014) Symbiotic bacteria enable olive flies
(Bactrocera oleae) to exploit intractable sources of nitrogen. J Evol Biol 27:2695-2705

Ben-Yosef M, Pasternak Z, Jurkevitch E, Yuval B (2015) Symbiotic bacteria enable olive fly larvae
to overcome host defences. Roy Soc Open Sci 2:150170

Blay S, Yuval B (1997) Nutritional correlates of reproductive success of male Mediterranean fruit
flies (Diptera: Tephritidae). Anim Behav 54:59-66

Boller EF, Chambers DL (1977) Concepts and approaches. In: Boller EF, Chambers DL (ed)
Quality control: an idea book for fruit fly workers. International Organization for Biological
Control of Noxious Animals and Plants Bulletin SROP-WPRS, pp 4-13

Bozzini A, de Murtas ID (1975) Insect pest control and insect breeding. Redia 56:473—487

Buchner P (1965) Endosymbiosis of animals with plant microorganisms. Interscience Publishers,
New York, p 909

Calkins CO (1989) Quality control. In: Robinson AS, Hooper G (eds) Fruit flies: their biology,
natural enemies and control, vol 3B. Elsevier, Amsterdam, pp 153-165

Cangussu JA, Zucoloto FS (1997) Effect of protein sources on fecundity, food acceptance, and
sexual choice by Ceratitis capitata (Diptera, Tephritidae). Rev Brasil Biol 57:611-618

Carey JR (1984) Host-specific demographic studies of the Mediterranean fruit fly Ceratitis capi-
tata. Ecol Entomol 9:261-270

Carey JR, Liedo P, Orozco D, Tatar M, Vaupel JW (1995) A male-female longevity paradox in
medfly cohorts. JAE 64:107-116

Chang CL (2004) Effect of amino acids on larvae and adults of Ceratitis capitata (Wiedemann)
(Diptera:Tephritidae) (2004). Anns Entomol Soc Am 97:529-535

Chang CL (2009a) Fruit fly liquid larval diet technology transfer and update. J Appl Entomol
133:164-173

Chang CL (2009b) Evaluation of yeasts and yeast products in larval and adult diets for the oriental
fruit fly, Bactrocera dorsalis, and adult diets for the medfly, Ceratitis capitata, and the melon fly,
Bactrocera cucurbitae. J Insect Sci 9:1-9

Chang CL, Coudron TA (2007) Improving fruit fly nutrition and performance through proteomics.
International Organization for Biological Control of Noxious Animals and Plants (IOBC). In:
Proceedings of 11th meeting of the working group Arthropod Mass Rearing and Quality
Control (AMRQC). Bulletin IOBC Global No. 3, pp 24-27

Chang CL, Kurashima R (1999) Effect of ascorbic acid-rich bell pepper on development of
Bactrocera latifrons (Diptera: Tephritidae). J] Econ Entomol 92:1108-1112

Chang CL, Li QX (2004) Dosage effects between dietary Niacin and other B vitamins on larval
development of Ceratitis capitata (Diptera: Tephritidae). Anns Entomol Soc Am 97:536-540

Chang CL, Vargas RI (2007) Wheat germ oil and its effects on a liquid larval rearing diet for
Oriental fruit flies (Diptera: Tephritidae). J Econ Entomol 100:322-326

Chang CL, Kurashima R, Albrecht CP (2000) Effect of limiting concentrations of growth factors
in mass rearing diets for Ceratitis capitata larvae (Diptera: Tephritidae). Anns Entomol Soc Am
93:898-903

Chang CL, Kurashima R, Albrecht CP (2001) Larval development of Ceratitis capitata (Diptera:
Tephritidae) on a meridic diet. Anns Entomol Soc Am 94:433-437

Chang CL, Caceres C, Jang E (2004) A novel liquid larval diet and its rearing system for melon fly,
Bactrocera cucurbitae (Diptera: Tephritidae). Anns Entomol Soc Am 97:524-528

Chang CL, Vargas RI, Caceres C, Jang E, Cho IK (2006) Development and assessment of a liquid
larval diet for Bactrocera dorsalis (Diptera: Tephritidae). Anns Entomol Soc Am 99:1191-1198

Chang CL, Caceres C, Ekesi S (2007) Life history parameters of Ceratitis capitata (Diptera:
Tephritidae) reared on liquid diets. Anns Entomol Soc Am 100:900-906



228 S.A. Mohamed et al.

Chang CL, Coudron TA, Goodman C, Stanley D, An SH, Song QS (2010) Wheat germ oil in larval
diet influences gene expression in adult oriental fruit fly. J Insect Physiol 56:356-365

Cho IK, Chang CL, Li QX (2013) Diet-induced over-expression of flightless-I protein and its rela-
tion to flightlessness in Mediterranean fruit fly, Ceratitis capitata. PLoS One 8:¢81099

Christenson LD, Foote RH (1960) Biology of fruit flies. Annu Rev Entomol 5:171-191

Churchill-Stanland C, Standland R, Wong TT, Tanaka N, MclInnis DO, Dowell RV (1986) Size as
a factor in the mating propensity of Mediterranean fruit flies, Ceratitis capitata (Diptera:
Tephritidae), in the laboratory. J Econ Entomol 79:614-619

Collins SR, Taylor PW (2010) Flight ability procedures for mass-reared Queensland fruit flies,
Bactrocera tryoni: an assessment of some variations. Entomol Exp et Appl 136:308-311

Collins SR, Weldon CW, Banos C, Taylor PW (2008) Effects of irradiation dose rate on quality and
sterility of Queensland fruit flies, Bactrocera tryoni (Froggatt). ] Appl Entomol 132:398-405

Davies S, Kattel R, Bhatia B, Petherwick A, Chapman T (2005) The effect of diet, sex and mating
status on longevity in Mediterranean fruit flies (Ceratitis capitata), Diptera: Tephritidae. Exp
Gerontol 40:784-792

de Souza HML, Matioli SR, de Souza WN (1988) The adaptation process of Ceratitis capitata to
the laboratory analysis of life history traits. Entomol Exp et Appl 49:195-201

Dhillon MK, Singh R, Naresh JS, Sharma HC (2005) The melon fruit fly, Bactrocera cucurbitae: a
review of its biology and management. J Insect Sci 5:40-56

Diamantidis AD, Papadopoulos NT, Carey JR (2008) Medfly populations differ in diel and age
patterns of sexual. Entomol Exp et Appl 128:389-397

Doharey KL (1983) Bionomics of fruit flies (Bactrocera spp.) on some fruits. Indian J Entomol
45:406-413

Drew RAI Yuval B (2000) The evolution of fruit fly feeding behavior. In: Aluja M, Norrbom A
(eds) Fruit flies. CRC, Boca Raton, pp 731-749

Drew RAI, Courtice AC, Teakle DS (1983) Bacteria as a natural source of food for adult fruit flies
(Diptera: Tephritidae). Oecologia 60:279-284

Ekesi S, Mohamed SA (2011) Mass rearing and quality control parameters for Tephritid fruit flies
of economic importance in Africa. In: Akyar, I (ed) Wide spectra of quality control. ISBN:
978-  953-307-683-6, InTech. Available from: http://www.intechopen.com/books/
wide-spectra-of-qualitycontrol/

Ekesi S, Mohamed SA, Chang CL (2014) A liquid larval diet for rearing Bactrocera invadens and
Ceratitis fasciventris (Diptera: Tephritidae). Int J Trop Insect Sci 34:S90-S98

FAO/TAEA/USDA (2003) Food and Agriculture Organization of the United Nations/International
Atomic Energy Agency/United States Department of Agriculture manual for product quality
control and shipping procedures for sterile mass-reared tephritid fruit flies.Version 5.0. IAEA,
Vienna. http://www.iaea.org/programmes/nafa/d4/index.html

FAO/IAEA/USDA (2014) Product quality control for sterile mass-reared and released Tephritid
fruit flies, Version 6.0. International Atomic Energy Agency, Vienna. 164 pp

Faria MJ, Pereira R, Dellinger T, Teal PEA (2008) Influence of methoprene and protein on sur-
vival, maturation and sexual performance of male Ceratitis capitata (Diptera: Tephritidae).
J Appl Entomol 132:812-819

Fay HAC (1989) Multi-host species of fruit fly. In: Robinson AS, Hooper G (eds) Fruit flies: their
biology, natural enemies and control, vol 3B. Elsevier, Amsterdam, pp 129-140

Fay HAC, Wornoayporn V (2002) Inert reusable substrates as potential replacement for wheat bran
in larval diets for Mediterranean fruit fly, Ceratitis capitata (Wied.) (Diptera: Tephritidae).
J Appl Entomol 126:92-96

Ferro MIT, Zucoloto FS (1990) Effect of the quantity of dietary amino acids on egg production and
layings by Ceratitis capitata (Diptera, Tephritidae). Braz J] Med Biol Res 23:525-532

Field SA, Yuval B (1999) Nutritional status affects copula duration in the Mediterranean fruit fly
Ceratitis capitata (Insecta: Tephritidae). Ethol Ecol Evol 11:61-70


http://www.intechopen.com/books/wide-spectra-of-qualitycontrol/
http://www.intechopen.com/books/wide-spectra-of-qualitycontrol/
http://www.iaea.org/programmes/nafa/d4/index.html

10 Fruit Fly Nutrition, Rearing and Quality Control 229

Fontellas-Brandalha TML, Zucoloto FS (2004) Selection of oviposition sites by wild Anastrepha
obliqgua (Macquart) (Diptera: Tephritidae) based on the nutritional composition. Neotrop
Entomol 33:557-562

Gavriel S, Gazit Y, Yuval B (2009) Remating by female Mediterranean fruit flies (Ceratitis capi-
tata, Diptera: Tephritidae): temporal patterns and modulation by male condition. J Insect
Physiol 55:637-642

Gavriel S, Jurkevitch E, Gazit Y, Yuval B (2011) Bacterially enriched diet improves sexual perfor-
mance of sterile male Mediterranean fruit flies. J Appl Entomol 135:564-573

George JA, Ruhm EM (1977) Modifications of adult olive fruit fly diet to control the production of
mottled eggs and to increase fecundity. J Econ Entomol 70:1-4

Hagen KS (1953) Influence of adult nutrition upon the reproduction of three fruit fly species. In:
Third Special report on control of Oriental fruit fly (Dacus dorsalis) in Hawaiian Islands.
Senate of the State of California, pp 72-76

Hagen KS (1966) Dependence of the olive fly, Dacus oleae, larvae on symbiosis with Pseudomonas
savastanoi for the utilization of olive. Nature 209:423-424

Hagen KS, Finney GL (1950) A food supplement for effectively increasing the fecundity of certain
tephritid species. J Econ Entomol 43(5):735

Hagen KS, Santas L, Tsecouras A (1963) A technique of culturing the olive fruit fly, Dacus oleae
Gmel. on synthetic media under xenic conditions. In: IAEA editorial staff (eds) Proceedings of
a symposium on radiation and radioisotopes applied to insects of agricultural importance,
International Atomic Energy Agency, Athens/Vienna, 22-26 April 1963, pp 333-356

Hamden H, Guerfali MM, Fadhl S, Saidi M, Chevrier C (2013) Fitness improvement of mass-
reared sterile males of Ceratitis capitata (Vienna 8 strain) (Diptera: Tephritidae) after gut
enrichment with probiotics. J Econ Entomol 106:641-647

Hanife G (2008) Modified agar-based diet for small scale laboratory rearing of olive fruit fly,
Bactrocera oleae. Fla Entomol 91:651-656

Haq I, Hendrichs J (2013) Pre-release feeding on hydrolysed yeast and methoprene treatment
enhances male Bactrocera cucurbitae Coquillett (Diptera: Tephritidae) longevity. J Appl
Entomol 137:99-102

Haq I, Vreysen MJB, Teal PEA, Hendrichs J (2014) Methoprene application and diet protein sup-
plementation to male melon fly, Bactrocera cucurbitae, modifies female remating behavior.
Insect Sci 21:637-646

Harwood JF, Chen K, Miiller HG, Wang JL, Vargas RI, Carey JR (2013) Effects of diet and host
access on fecundity and lifespan in two fruit fly species with different life history patterns.
Physiol Entomol 38:81-88

Hollingsworth R, Vagalo M, Tsatsia F (1997) Biology of melon fly, with special reference to
Solomon Islands. In: Allwood AJ, Drew RAI (eds) Management of fruit flies in the Pacific.
ACIAR proceedings no 76. 267 pp

Hooper GHS (1978) Effects of larval rearing temperature on the development of the Mediterannean
fruit fly, Ceratitis capitata. Entomol Exp et Appl 23:222-226

Hooper GHS (1987) Effects of pupation environment on the quality of pupae and adults of the
Mediterranean fruit fly. Entomol Exp et Appl 44:155-159

Hooper GHS (1989) The effect of ionizing radiation on reproduction. In: Robinson AS, Hooper G
(eds) World crop pests, vol 3A, Fruit flies, their biology, natural enemies and control. Elsevier
Science, Amsterdam, pp 153-164

Joachim-Bravo IS, Fernandes OA, De-Bortoli SA, Zucoloto FS (2001) Oviposition behavior of
Ceratitis capitata Wiedemann (Diptera: Tephritidae): association between oviposition prefer-
ence and larval performance in individual females. Neotrop Entomol 30:559-564

Joachim-Bravo IS, Anjos CS, Costa AM (2009) The role of protein in the sexual behavior ofmales
of Ceratitis capitata (Diptera: Tephritidae): mating success, copula duration and number of
copulation. Zoologia 26:407-412



230 S.A. Mohamed et al.

Kakinohana H, Yamagishi M (1991) The mass production of the melon fly techniques and prob-
lems. In: Kawasaki K, Iwahashi O, Kaneshiro KY (eds) Proceedings, the international sympo-
sium on the biology and control of fruit flies. FFTC, Ginowan/Okinawa

Kamikado T, Chisaki N, Kamiwada H, Tanaka A (1987) Mass rearing of the melon fly, Dacus
cucurbitae Coquillett, by the sterile insect release method. I. Changes in the amount of eggs
laid and longevity of mass-reared insects. In: Proceedings No 33 of the association of plant
protection of Kyushu, Kagoshima Agriculture, Experiment Station, Naze, Kagoshima

Kaspi R, Yuval B (2000) Post-teneral protein feeding improves sexual competitiveness but reduces
longevity of mass reared sterile male Mediterranean fruit flies. Anns Entomol Soc Am
93:949-955

Kaspi R, Taylor PW, Yuval B (2000) Diet and size influence sexual advertisement and copulatory
success of males in Mediterranean fruit fly leks. Ecol Entomol 25:279-284

Kaspi R, Mossinson S, Drezner T, Kamensky B, Yuval B (2002) Effects of larval diet on develop-
ment rates and reproductive maturation of male and female Mediterranean fruit flies. Physiol
Entomol 27:29-38

Kaur S, Srivastava BG (1994) Effect of amino acids on various parameters of reproductive poten-
tial of Dacus cucurbitae (Coquillett). Indian J Entomol 56:370-380

Khan M (2013) Potential of liquid larval diets for mass rearing of Queensland fruit fly, Bactrocera
tryoni (Froggatt) (Diptera: Tephritidae). Aust J Entomol 52:268-276

Khan L, Haq M, Inayatullah C, Mohsan A (1993) Biology and behaviour of melon fruit fly, Dacus
cucurbitae Coquillet. (Diptera: Tephritidae). Pak J Zool 25:203-208

Khan M, Hossain MA, Shakil AK, Islam MS, Chang CL (2011) Development of liquid larval diet
with modified rearing system for Bactrocera dorsalis (Diptera: Tephritidae) for the application
of sterile insect technique. ARPN J Agric Biol Sci 6:52-57

Khan M, Mahin AA, Pramanik MK, Akter H (2014) Identification of gut bacterial community and
their effect on the fecundity of pumpkin fly, Bactrocera tau (Walker). ] Entomol 11:68-77

Koul VK, Bhagat KC (1994) Biology of melon fly, Bactrocera (Dacus) cucurbitae Coquillet
(Diptera: Tephritidae) on bottle gourd. Pest Manag Econ Zool 2:123-125

Krainacker DA, Carey JR, Vargas RI (1987) Effect of larval host on life history traits of the
Mediterranean fruit fly, Ceratitis capitata. Oecologia 73:583-590

Langar AG, Sahito HA, Talpur MA (2013) Biology and population of melon fruit fly on musk
melon and Indian squash Intl. J Farm Allied Sci 2:42-47

Leppla NC, Ashley TR (1989) Quality control in insect mass production: a review and model. Bull
Entomol Soc Am 35:33-44

Manousis T, Ellar DJ (1988) Dacus oleae microbial symbionts. Microbiol Sci 5:149-152

Manrakhan A, Lux SA (2006) Contribution of natural food sources to reproductive behaviour,
fecundity and longevity of Ceratitis cosyra, C. fasciventris and C. capitata (Diptera:
Tephritidae). Bull Entomol Res 96:259-268

Marchini D, Rosetto M, Dallai R, Marri L (2002) Bacteria associated with the oesophageal bulb of
the medfly Ceratitis capitata (Diptera: Tephritidae). Curr Microbiol 44:120-124

Mir SH, Dar SA, Mir GM, Ahmad SB (2014) Biology of Bactrocera cucurbitae (Diptera:
Tephritidae) on cucumber. Fla Entomol 97:753-758

Narayanan ES, Batra HN (1960) Fruit flies and their control. A monograph by ICAR, New Delhi.
66 pp

Nash WJ, Chapman T (2014) Effect of dietary components on larval life history characteristics in
the Medfly (Ceratitis capitata: Diptera, Tephritidae). PLoS One 9:¢86029

Nestel D, Nemny-Lavy E, Zilberg L, Weiss M, Akiva R, Gazit Y (2004) The fruit fly PUB: a pha-
gostimulation unit bioassay system to quantitatively measure ingestion of baits by individual
flies. J Appl Entomol 128:576-582

Orankanok W, Chinvinijkul S, Sawatwangkhoung A, Pinkaew S, Orankanok S (2013) Methyl
eugenol and pre-release diet improve mating performance of young Bactrocera dorsalis and
Bactrocera correcta males. J Appl Entomol 137:200-209



10 Fruit Fly Nutrition, Rearing and Quality Control 231

Papadopoulos NT, Katsoyannos BI, Kouloussis NA, Economopoulos AP, Carey JR (1998) Effect
of adult age, food, and time of the day on sexual calling incidence of wild and mass reared
Ceratitis capitata males. Entomol Exp et Appl 89:175-182

Papadopoulos NT, Katsoyannos BI, Carey JR (2002) Demographic parameters of the Mediterranean
fruit fly (Diptera: Tephritidae) reared in apples. Anns Entomol Soc Am 95:564-569

Pascacio-Villafa C, Williams T, Sivinski J, Birke A, Aluja M (2015) Costly nutritious diets do not
necessarily translate into better performance of artificially reared fruit flies (Diptera:
Tephritidae). J Econ Entomol Adv 108:53-59 Access published January

Petri L (1910) Untersuchung uber die darmbakterien der olivenfliege. Zentbl Bakteriolog
26:357-367

Placido-Silva MC, Da Silva Neto AM, Zucoloto FS, Joachim-Bravo IS (2006) Effects of different
protein concentrations on longevity and feeding behavior of two adult populations of Ceratitis
capitata Wiedemann (Diptera: Tephritidae). Neotrop Entomol 35:747-752. doi:10.1590/
S$1519-566x2006000600004

Quilici S, Schmitt C, Vidal J, Franck A, Deguine JP (2013) Adult diet and exposure to semio-
chemicals influence male mating success in Ceratitis rosa (Diptera: Tephritidae). J Appl
Entomol 137:142-153

Rauf I, Ahmad N, Rashdi MSMS, Ismail M, Khan MH (2013) Laboratory studies on ovipositional
preference of the peach fruit fly Bactrocera zonata (Saunders) (Diptera: Tephiritidae) for dif-
ferent host fruits. AfrJ Agric Res 8:1300-1303

Renjhen PL (1949) On the morphology of the immature stage of Dacus (Strumeta) cucurbitae
(Cog.) (The melon fruit fly) with notes on its biology. Indian J Entomol 11:83-100

Rivnay E (1950) The Mediterranean fruit fly in Israel. Bull Entomol Res 41:321-341

Rossler Y (1975) Reproductive differences between laboratory-reared and field-collected popula-
tions of the Mediterranean fruit fly Ceratitis capitata. J Econ Entomol 68:987-991

Sarwar M, Hamed M, Rasool B, Yousaf M, Hussain M (2013) Host preference and performance
of fruit flies Bactrocera zonata (Saunders) and Bactrocera cucurbitae (Coquillett) (Diptera:
Tephritidae) for various fruits and vegetables. Int J Sci Res Environ Sci 1:188-194

Schroeder WJ, Miyabara RY, Chambers DL (1971) A fluid larval medium for rearing the melon
fly. J Econ Entomol 64:1221-1223

Shelly TE, Kennelly S (2002) Influence of male diet on male mating success and longevity and
female remating in the Mediterranean fruit fly (Diptera: Tephritidae) under laboratory condi-
tions. Fla Entomol 85:572-579

Shelly TE, McInnis DO (2003) Influence of adult diet on the mating success and survival of male
Mediterranean fruit flies (Diptera: Tephritidae) from two mass rearing strains on field caged
host trees. Fla Entomol 86:340-344

Shelly TE, Kennelly SS, McInnis DO (2002) Effect of adult diet on signalling activity, mate attrac-
tion, and mating success in male Mediterranean fruit flies (Diptera: Tephritidae). Fla Entomol
85:150-155

Shelly TE, Edu J, Pahio E (2005) Influence of diet and methyl eugenol on the mating success of
males of the Oriental fruit fly, Bactrocera dorsalis (Diptera: Tephritidae). Fla Entomol
88:307-313

Shivarkar DT, Dumbre RB (1985) Bionomics and chemical control of melon fly. J] Maharashtra
Agric Univ 10:298-300

Shivayya V, Ashok-Kumar CT, Chakravar-Thy AK (2007) Biology of melon fly, Bactrocera
cucurbitae on different food sources. Indian J Plant Prot 35:25-28

Shoukry A, Hafez M (1979) Studies on the biology of the Mediterranean fruit fly Ceratitis capi-
tata. Entomol Exp et Appl 26:33-39

Singh OP, Teotia TPS (1970) A simple method of mass culturing melon fruit fly, Dacus cucurbitae
(Cog.). Indian J Entomol 32:28-31

Steiner LF, Mitchell S (1966) Tephritid fruit flies. In: Smith CN (ed) Insect colonization and mass
production. Academic Press, New York, pp 555-583


http://dx.doi.org/10.1590/S1519-566x2006000600004
http://dx.doi.org/10.1590/S1519-566x2006000600004

232 S.A. Mohamed et al.

Tanaka N, Steiner F, Ohinata K, Okamoto R (1965) Low-cost larval rearing medium for mass
production of oriental and Mediterranean fruit flies. J Econ Entomol 62:967-968

Taylor PW, Kaspi R, Yuval B (2000) Copula duration and sperm storage in Mediterranean fruit
flies from a wild population. Phys Entomol 25:94-99

Teal PEA, Pereira R, Segura DF, Haq I, Go’mez-Simuta Y, Robinson AS, Hendrichs J (2013)
Methoprene and protein supplements accelerate reproductive development and improve mating
success of male Tephritid flies. J Appl Entomol 137:91-98

Tsiropoulos GJ (1977) Survival and reproduction of Dacus oleae on chemically defined diets.
Zeitsch Angewan Entomol 84:192-197

Tsiropoulos GJ (1980) Major nutritional requirements of adult Dacus oleae. Anns Entomol Soc
Am 73:251-253

Tsiropoulos GJ (1981) Effect of varying the dietary nitrogen to carbohydrate ratio upon the bio-
logical performance of adult Dacus oleae. Arch Int Physiol Biochim 89:101-105

Tsiropoulos GJ (1982) Effect of vitamins overdosing on adult Dacus oleae. In: Proceedings inter-
national symposium on fruit flies of economic importance CEC/IOBC, Athens, Nov 1992,
pp 85-90

Tsiropoulos GJ (1989) Biosynthetic activity of the microflora associated with the olive fruit fly,
Dacus oleae. International Colloquium on Microbiology in Poikilotherms, Paris, July 1989

Tsiropoulos GJ (1992) Feeding and dietary requirements of the tephritid fruit flies. In: Anderson
TE, Leppla NC (eds) Advances in insect rearing for research and pest management. Westview
Press, Boulder, pp 93-118

Tsitsipis JA (1977) An improved method for the mass rearing of the olive fruit fly, Dacus oleae
(Gmel.) (Diptera, Tephritidae). Z Angew Entomol 83:419-426

Tsitsipis JA (1983) Changes of a wild ecotype of the olive fruit fly during adaptation to lab rearing.
In: Cavalloro R (ed) Proceedings of the 1st international symposium on fruit flies of economic
importance, Athens, Greece, pp 416-422

Vargas RI (1989) Mass production of fruit flies. In: Robinson AS, Hooper G (eds) Fruit flies: their
biology, natural enemies and control, vol 3B. Elsevier, Amsterdam, pp 141-151

Vargas RI, Carey JR (1989) Comparison of demographic parameters for wild and laboratory
adapted Mediterranean fruit fly (Diptera: Tephritidae). Anns Entomol Soc Am 82:55-59

Vargas RI, Nishida T, Beardsley JW (1983) Distribution and abundance of Dacus dorsalis in native
and exotic forest environments on Kauai. Environ Entomol 12:1185-1189

Vargas RI, Stark JD, Uchida GK, Purcell M (1993) Opiine parasitoids (Hymenoptera: Braconidae)
of oriental fruit fly (Diptera: Tephritidae) on Kauai island, Hawaii: islandwide relative abun-
dance and parasitism rates in wild and orchard guava habitats. Environ Entomol 21:246-253

Via S (1986) Genetic covariance between oviposition preference and larval performance in an
insect herbivore. Evolution 40:778-785

Vishva NS (2005) Studies on biology, behaviour and management of melon fruit fly, Bactrocera
cucurbitae (Coq.) (Diptera: Tephritidae), M.Sc thesis submitted to U.A.S. Banglore, pp 122

Walker GP, Tora VE, Hamacek EL, Allwood AJ (1997) Laboratory-rearing techniques for Tephritid
fruit flies in the South Pacific. In: Management of fruit flies in the Pacific. ACIAR, Canberra,
pp 145-152

Waseem MA, Naganagoud A, Sagar D, Abdul-Kareem M (2012) Biology of melon fly, Bactrocera
cucurbitae (Coquillett) on cucumber. Bioinfolet 9:232-239

Whittier TS, Nam FY, Shelly TE, Kaneshiro KY (1994) Male courtship success and female dis-
crimination in the Mediterranean fruit fly (Diptera: Tephritidae). J Insect Behav 7:159—-170

Yuval B, Kaspi R, Shloush S, Warburg MS (1998) Nutritional reserves regulate male participation
in Mediterranean fruit fly leks. Ecol Entomol 23:211-215

Yuval B, Kaspi R, Field SA, Blay S, Taylor P (2002) Effects of post-teneral nutrition on reproduc-
tive success of male Mediterranean fruit flies. Fla Entomol 85:165-170

Yuval B, Maor M, Levy K, Kaspi R, Taylor P, Shelly T (2007) Breakfast of champions or kiss of
death? Survival and sexual performance of protein-fed, sterile Mediterranean fruit flies
(Diptera: Tephritidae). Fla Entomol 90:115-122



10 Fruit Fly Nutrition, Rearing and Quality Control 233

Yuval B, Ben-Ami E, Behar A, Ben-Yosef M, Jurkevitch E (2010) The Mediterranean fruit fly and
its bacteria — potential for improving sterile insect technique operations. J Appl Entomol
137:1-4

Zografou EN, Tsiropoulos GJ, Margaritis LH (1998) Survival, fecundity and fertility of Bactrocera
oleae, as affected by amino acid analogues. Entomol Exp Appl 87:125-132

Zucoloto FS (1993) Acceptability of different Brazilian fruits to Ceratitis capitata (Diptera,
Tephritidae) and fly performance on each species. Braz ] Med Biol Res 26:291-298

Samira A. Mohamed works in the African fruit fly programme at the International Centre of
Insect Physiology and Ecology (icipe), Nairobi, Kenya and is a senior scientist and co-ordinator of
the German BMZ funded Tuta IPM project. She has over 20 years of research experience focusing
on the development of IPM strategies for suppression of horticultural crop pests. Her main area of
interest is in classical biological control of invasive pests within the context of IPM. Samira was
instrumental in importing in to Africa, and later releasing, two-efficient co-evolved parasitoid spe-
cies (Fopius arisanus and Diachasmimorpha longicaudata) from Hawaii. So far, she has authored
or co-authored over 40 peer-reviewed publications and several book chapters.

Fathiya M. Khamis Fathiya works in the African fruit fly programme and the Arthropod
Pathology Unit at the International Centre of Insect Physiology and Ecology (icipe), Nairobi,
Kenya and she is co-ordinator of the icipe Biovision Foundation (Switzerland). Her main focus is
to employ molecular tools for the identification and delineation of species, inference of genetic
variability and population genetic structures of pests as a prelude for the development of effective
management strategies. She has worked on tephritid fruit flies and other pests of economic impor-
tance, both invasive and non-invasive. She has authored or co-authored over 15 peer-reviewed
publications in this field.

Chrysantus Mbi Tanga is an Agricultural Entomologist/Ecologist working in the Plant Health
Theme at the International Centre of Insect Physiology and Ecology (icipe), Nairobi, Kenya. He
obtained his PhD from the University of Pretoria, South Africa and is currently a postdoctoral
research fellow at icipe. His area of research interest is sustainable integrated pest management
(IPM) that is based on the use of biopesticides, baiting techniques, orchard sanitation and classical
biological control for the management of arthropod pests in horticulture. His research activities
involve the promotion and up-scaling of the dissemination of fruit fly IPM amongst smallholder
growers in Africa. He also develops temperature-based phenology models for African fruit flies
and other crop pests to improve implementation of IPM strategies for their management. He also
has research activities that are focused on filling critical gaps in knowledge aimed to exploit the
commercial potential of insects in the production of affordable, high-quality protein for the poul-
try, fish and pig industries. He seeks to create an effective agribusiness model by ensuring high
nutrition and microbial safety of insect-based protein products through research as well as by
creating awareness and identifying market opportunities for the technology using participatory
approaches that involves farmer groups, with a particular focus on the involvement of women and
young adults in Africa.



	Chapter 10: Fruit Fly Nutrition, Rearing and Quality Control
	1 Introduction
	2 Effect of Fruit Fly Diet on the Fitness Parameters of Different Developmental Stages
	2.1 Adult Diet
	2.1.1 Effect on Fecundity and Egg Hatchability
	2.1.2 Effect on Male Mating Success
	2.1.3 Effect on Adult Longevity

	2.2 Larval Diet
	2.2.1 Effect on Development of Immature Stages
	2.2.2 Effect on Adult Fitness Traits


	3 Endosymbionts and Fruit Fly Nutrition
	4 Quality Control Parameters and Recording
	4.1 Quality Control of Fruit Flies Reared on Solid Larval Diets
	4.2 Quality Control of Fruit Flies Reared on Liquid Larval Diets
	4.2.1 Effects of Yeast in Liquid Diets

	4.3 Quality Control of Fruit Flies Reared on Host Fruit Larval Diets

	References


