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Abstract

The host range and biological performance of Fopius ceratitivorus Wharton, a recently discovered African parasitoid, was studied
in quarantine in Hawaii to determine its eYciency and safety for use as a biological control agent. Female F. ceratitivorus oviposits
into eggs and only rarely in Wrst instars of the Mediterranean fruit Xy, Ceratitis capitata (Wiedemann). The three other extant fruit Xy
pests in Hawaii, Bactrocera cucurbitae (Coquillett), Bactrocera dorsalis (Hendel) and Bactrocera latifrons (Hendel) were unsuitable
for F. ceratitivorus development. Developmental time from egg to adult and mean longevity of host-deprived females were 21.8 and
14.8 days, respectively. In both choice and no-choice tests F. ceratitivorus showed no positive response to the non-target tephritid
Procecidochares alani Steyskal (eggs or larvae) on infested pamakani weed, Ageratina riparia (Regel), and caused neither parasitism
nor mortality to this non-frugivorous Xy. Studies of competition with extant parasitoids revealed that F. ceratitivorus and the widely
established egg–larval parasitoid, Fopius arisanus (Sonan) have the same chance of winning in intrinsic competition with one
another, depending on which one occupies the host Wrst. Our Wndings suggest that release of this parasitoid as a biological control
agent in Hawaii will pose minimal non-target risk and may contribute to overall Xy biological control in the islands.
  2005 Elsevier Inc. All rights reserved.
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1. Introduction

In Hawaii, four accidentally introduced tephritid fruit
Xies (Diptera: Tephritidae) are serious pests aVecting
fruit and vegetable production on all major islands.
Besides the loss of production due to high infestation
levels, infestation by these insects poses a serious risk of
invasion into other states of the mainland USA. The
melon Xy, Bactrocera cucurbitae (Coquillett) and the
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Mediterranean fruit Xy, Ceratitis capitata (Wiedemann)
were introduced to Hawaii in 1895 and 1907, respec-
tively (Back and Pemberton, 1918); the oriental fruit Xy,
Bactrocera dorsalis (Hendel) was Wrst reported in 1945
(van Zwaluvenburg, 1947); and the solanaceous fruit Xy,
Bactrocera latifrons (Hendel) in 1983 (Vargas and Nish-
ida, 1985). Establishment of the Wrst three fruit Xies was
followed by various control attempts including bait-
spray applications, cultural practices, use of sterile insect
techniques, and releases of numerous hymenopteran
parasitoids (Gilstrap and Hart, 1987). Releases of intro-
duced parasitoids resulted in some of the more success-
ful examples of classical biological control of fruit Xies in
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the world (Clausen et al., 1965; Wharton, 1989). These
successes were achieved with a number of natural ene-
mies including one egg–larval parasitoid, Fopius arisanus
(Sonan), and six larval parasitoids: F. vandenboschi
(Fullaway), Diachasmimorpha tryoni (Cameron), Dia-
chasmimorpha longicaudata (Ashmead), Psyttalia Xetc-
heri (Silvestri), Procecidochares incisi (Silvestri) (all
Braconidae) and Tetrastichus giVardianus Silvestri
(Eulophidae) (Bess et al., 1961; Haramoto and Bess,
1970; Wong and Ramadan, 1987; Vargas et al., 1995).

Although these parasitoids have been somewhat eVec-
tive in reducing infestation levels, they do not generally
maintain Xy populations below economic injury levels.
Introduction of new parasitoids may incrementally
increase Xy mortality and reducing infestation (Gilstrap
and Hart, 1987; Messing, 1995; Wharton, 1989).

One potential biological control candidate, Fopius
ceratitivorus Wharton, was recently collected in East
Africa and appears to be an egg–larval parasitoid previ-
ously unknown to science (Wharton, 1999; Wharton et
al., 2000). Addition of this opiine wasp to the extant par-
asitoid fauna in Hawaii may help contribute to a “sys-
tems approach” to achieving quarantine security for the
state’s tropical fruit and vegetable industries (Jang and
MoYtt, 1994), as well as making more and better quality
fruit available for local consumption.

The need to introduce new biological control agents
should however take into account the competitive risks
of any potential candidate to extant species, as well as
any potential non-target impacts to endemic non-pest
tephritids and other beneWcial species. Among the extant
fruit Xy parasitoids, F. arisanus is the only species attack-
ing host eggs, and is currently reported as the dominant
parasitoid in Hawaii (Purcell et al., 1998; Wong and
Ramadan, 1987), partly due to its intrinsic competitive
superiority against all larval fruit Xy parasitoids (Wang
and Messing, 2002, 2003; Wang et al., 2003). In Hawaii,
the use of classical biological control has been subject to
increasing scrutiny and debate due to the highly sensitive
island fauna and Xora (Funasaki et al., 1988; Howarth,
1991). Several studies have showed that the two larval
fruit Xy parasitoids, D. tryoni and D. longicaudata, could
attack some non-target gall-forming tephritid such as
Eutreta xanthochaeta (Aldrich), which is itself an intro-
duced weed biological control agent (Clancy et al., 1952;
Duan et al., 1996, 1998; Purcell et al., 1997). Thus, evalu-
ation of non-target impact of a newly introduced opiine
parasitoid is appropriate in Hawaii.

This paper reports (1) the initial host range studies on
the suitability of four pest tephritid fruit Xy species: C.
capitata, B. cucurbitae, B. dorsalis, and B. latifrons as
hosts for F. ceratitivorus, (2) the potential non-target
impact of this parasitoid on Procecidochares alani Steys-
kal, and (3) its competitive outcomes with F. arisanus. P.
alani is a gall forming tephritid, introduced to Hawaii
from Mexico in 1973 to control the pamakani weed
Ageratina riparia (Regel) (Asteraceae) (Hapai, 1977),
and is considered to be very eVective in suppressing its
target weed (Funasaki et al., 1988).

2. Materials and methods

2.1. Fruit Xies

Colonies of the four pest tephritids in Hawaii, C. cap-
itata, B. cucurbitae, B. dorsalis, and B. latifrons, were ini-
tiated at the Fruit Fly Biological Control Laboratory of
the University of Hawaii at Manoa, from 10 g cohorts of
puparia of each species, provided by the USDA/ARS
PaciWc Basin Agricultural Research Center in Honolulu,
Hawaii. Upon eclosion, adult Xies were maintained in
wooden cages (25 £ 25 £ 25 cm) with water and food
(sugar and hydrolysate yeast powder in a ratio of 3:1).
Subsequent Xy populations were reared on half ripe
papaya fruit (Carica payaya L.). Fruits were infested
with Xy eggs by exposing them to 400–600 pairs of 2-
week-old adults of each of the four pest tephritids in
rearing cages for 24 h.

After exposure to Xies, papaya fruits were transferred
to incubation units made of plastic cups with 150 g fresh
wheat diet (Tanaka et al., 1969) as supplemental larval
food. Each cup was placed in a 4 L plastic container
(20 cm diam., 20 cm depth) with a 1-cm layer of Wne ver-
miculite on the bottom to serve as a substrate for pupa-
tion. This vermiculite was kept moist to prevent pupal
desiccation. A hole (10 cm diam.) was cut in the lid of the
container and replaced with a Wne mesh screen. Ten days
later fruit Xy puparia were sieved from the vermiculite,
counted, and placed in clean plastic cups with a mesh
screen cover for emergence of adult Xies. All rearing of
Xies in this study followed the same procedures.

2.2. Parasitoids

Fopius ceratitivorus was originally collected in Central
Kenya in Africa from coVee berries infested by C. capi-
tata (Wharton et al., 2000), and shipped to the USDA-
APHIS/MOSCAMED quarantine facility at San Miguel
Petapa, Guatemala, Central America. The parasitoid
was propagated on C. capitata infested coVee berries
(Lopez et al., 2003). An initial cohort of 1200 adults was
shipped to the Hawaii Department of Agriculture Quar-
antine Facility in May 2002 for studies on its host range
and biology. The parasitoid colony was maintained in
the laboratory for four generations before these experi-
ments started.

Fopius ceratitivorus rearing was achieved using
papaya fruit infested by C. capitata eggs in papaya fruit.
Despite the fact that the wasp was initially identiWed
from coVee (Wharton et al., 2000), and cultured using
coVee as host (Lopez et al., 2003), we used papaya as an
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alternate host fruit because the fruit is available all the
year round and easy to handle. In addition, the fruit is an
important host plant for three of the four Xy species
studied (Liquido, 1991; Liquido et al., 1990). Infestation
rates in papaya for B. latifrons were low in our experi-
mental set up and justiWed the use of chili pepper (Capsi-
cum annuum L.) as a preferred host for this Xy.

Fruits were infested with tephritid eggs by exposing
them to about 300 pairs of adult C. capitata in rearing
cages for 24 h. After exposure to parasitoids, the papaya
was transferred to incubation units. Emerging parasit-
oids were provided with water and Wne drops of pure
honey (Sioux Honey Ass., Sioux City, IA) on the top side
of the rearing cages, and used to start new colonies.

2.3. Host preference and host suitability

Experiments were conducted in small Plexiglas cages
(12 £ 12 £ 12 cm) with a round opening (11 cm diam.) in
the front side to which a sleeve was Wxed to allow intro-
duction of fruit material and insects. To allow ventila-
tion, a round opening (4.5 cm diam.) was made in the top
of the cage to which a piece of organza material was
Wxed. Preliminary observations revealed that F. ceratitiv-
orus was readily attracted to fruits infested by eggs
deposited naturally by the host Xies, more so than to
fruits artiWcially infested with eggs (A.H. Bokonon-
Ganta, unpublished). Consequently, experimental ovipo-
sition units were prepared at the University of Hawaii by
exposing papaya fruits for 24 h to about 300 pairs of
mature adults of each of the four Xy species.

The Xy egg-infested fruits were transported to the quar-
antine laboratory for tests. Each infested papaya, exclud-
ing the seeds, was cut into four equal sections. Each
quarter (8£6£1 cm), representing one experimental unit,
was exposed to 20 pairs of F. ceratitivorus in the clear
Plexiglas cage for 24h, with water and honey provided.

After exposure to parasitoids, the papaya quarters
were transferred into incubation units. Newly formed
host puparia were placed into plastic vials (4.9 cm diam.,
8.5 cm deep) until adult Xies or wasps emerged. Each of
the four host Xy species was tested separately. A total of
12 replicates plus three control replicates were run for C.
capitata, eight plus two controls for B. cucurbitae, seven
plus two controls for B. dorsalis, and six plus two con-
trols for B. latifrons using papaya as a host fruit. Suscep-
tibility of B. latifrons was further investigated using a
solanaceous host, chili pepper, in six additional repli-
cates plus two control replicates. Control replicates were
infested host fruits not exposed to the parasitoids. The
eVect of papaya fruit itself on attractiveness to F. cerati-
tivorus was assessed in three additional replicates using
non-infested papaya quarters exposed to female wasps
under the same experimental conditions.

To investigate the range of host instar acceptance of
F. ceratitivorus, Wrst and second instar C. capitata were
also tested. First instars were oVered using 4-days-old
infested papaya fruits (egg hatching of the medXy
requires 48–72 h at 25 °C Back and Pemberton, 1918).
Second instars C. capitata reared from infested papaya
fruits were mixed with approximately 10 g of larval diet
and tested using standard oviposition units (Wong and
Ramadan, 1992) constructed of 5 diam.£ 0.9 depth cm
polystyrene Petri dishes with tight Wtting lids covered
with organdy, through which the wasps could readily
oviposit.

The following variables were used to measure the
response of F. ceratitivorus when exposed to the four
diVerent fruit Xy hosts: (1) number of female parasitoids
counted on the oviposition unit after 1 and 24 h, divided
by the total number of female parasitoids in the cage was
recorded as the percent of females attracted for oviposi-
tion; (2) number of host puparia recovered from unex-
posed eggs (control) and exposed eggs (parasitized); (3)
number of adult parasitoids recovered from each host;
plus the number of dead parasitoids in each host deter-
mined by dissecting all unemerged puparia; and (4) per-
cent of fruit Xy parasitism, indicated by the total number
of parasitoids (live plus dead) divided by the total fruit
Xy puparia recovered.

2.4. Test for encapsulation

Results from the host suitability experiments revealed
that the three Bactrocera species, B. dorsalis, B. cucurbi-
tae, and B. latifrons were unsuitable as hosts of F. cerati-
tivorus. To provide some justiWcation for this we
conducted additional tests to determine the fate of para-
sitoid eggs in the three Bactrocera species. Infested pieces
of papaya inoculated with about 160 eggs of each host
were exposed to 15–20 naïve and mated female wasps 7–
12 days old in a small experimental arena for 24 h. Half
of the exposed eggs were set apart for dissection and the
second half transferred into incubation units until Xies
or parasitoids emerged. From the other half kept for dis-
section, a sample of 15–20 eggs or larvae were dissected
in saline solution and examined under a binocular
microscope every day for 4 days. The number of encap-
sulated and/or melanized eggs were counted in each host.
Test was replicated four times for each Bactrocera
species.

2.5. Developmental time and longevity

Developmental time was measured by exposing
C. capitata egg-infested papaya to 20 female wasps for
24 h. Methods of exposure and subsequent handlings of
hosts were the same as those described above for host
range testing. Puparia were collected and isolated indi-
vidually in 60 ml plastic cups kept in the laboratory
under the same environmental conditions. Developmen-
tal time (in days) for both sexes was recorded and
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emerging wasps were set aside for subsequent observa-
tions on parasitoid longevity. Emergence and mortality
were recorded once daily between 5 and 6 pm. Average
quarantine laboratory conditions were 28 § 2 °C, 60–
80% RH, and a 12L:12D regime.

2.6. Competition with extant parasitoids

Competition between F. ceratitivorus and F. arisanus
within C. capitata was studied following the procedures
described by Wang and Messing (2002). Eggs of C. capi-
tata were sequentially exposed to the two parasitoids in
four diVerent treatments: (1) F. arisanus alone; (2) F. cer-
atitivorus alone; (3) F. arisanus Wrst, followed after 24 h
by F. ceratitivorus; and (4) F. ceratitivorus Wrst, followed
after 24 h by F. arisanus. To determine the mechanisms
employed by each parasitoid to compete with other indi-
viduals or species when superparasitism or multiparasit-
ism occurred, up to 200 Xy eggs from each treatment
were randomly selected and dissected under a stereomi-
croscope, after exposure at each of three intervals (24,
48, and 72 h). The number and condition of both parasit-
oids’ eggs were recorded. In addition, samples of 200
host larvae for each treatment were reared to adult
emergence to determine the survival and successful
development of both the medXy and its parasitoids. All
Xy larvae were reared using fresh artiWcial diet and all
tests were replicated Wve times using new parasitoids.

2.7. Impact on non-target tephritid species

Tests were conducted using the non-target pamakani
gall Xy, P. alani. A laboratory colony of the Xy was initi-
ated from galls collected at the Pali area on Oahu Island.
Newly emerged P. alani (12 pairs/plant) were conWned in
a cage with a potted pamakani plant, A. riparia in a large
wooden cage (65 £ 45 £ 45 cm) for 4 days before the
introducing the parasitoids. Usually females P. alani
mate and deposit eggs 2–4 days following emergence and
continue to lay eggs for up to 2 weeks when fed honey
and water. Egg incubation period of P. alani is 3–5 days
(Nakao and Hin Au, 1974; Hawaii Department of Agri-
culture, unpublished report). To insure the presence of
eggs and larval stages for parasitoid exposure, F. cerati-
tivorus were released in the cage when small swellings (2–
3 mm diam.) appear on terminal shoots. Cohorts of F.
ceratitivorus per cage were made to match anticipated
number of galls ( D egg patches) by counting the visible
terminal and lateral shoots on the stems at the beginning
of the test. Before parasitoid introduction, lateral shoots
were sampled to insure the presence of eggs and a main
stem was isolated as a control. We could not count the
total number of eggs without breaking oV the tender
shoots. Provided with honey and water, Xies and parasit-
oids were conWned in the cage all the time and tests were
terminated when all the parasitoids perished in the cage.
In no-choice tests, a cohort of 61 female F. ceratitivo-
rus were released onto one potted plant of A. riparia
which contained 19 main stems and several lateral
shoots infested with P. alani. On this potted plant, one
main stem was considered as control, and excluded using
a Wne mesh sleeve from all parasitoid contact.

In choice tests 29 female parasitoids were oVered the
choice between eggs or larvae of P. alani and C. capitata
eggs (648 h old) exposed in an infested 120 g papaya
half. This infested papaya half was held 10 cm apart
from the pamakani plant and kept in the cage for 48 h.
Following the 48 h exposure period, the papaya unit was
replaced with a new similar unit and the previously
exposed unit transferred into incubation units. Three
infested papaya units were tested one after the other
against eggs and larvae of P. alani. In this choice test, the
infested A. riparia plant had 12 main stems and about 40
branching shoots. The control in this experiment was
one main stem with eight terminal shoots excluded from
all parasitoid contact using a Wne mesh sleeve.

In both choice and no-choice tests, female parasitoids
were mated and 7–10 days old. Upon release of parasit-
oids onto potted plants, responses of the parasitoids to
eggs and larvae of P. alani and C. capitata eggs were
observed continuously for 20 min and then for 5 min
every 2 h three times a day. The number of times parasit-
oids were observed landing or probing on terminal
shoots, or stems searching for P. alani eggs or galls was
recorded.

In addition to behavioral observations, parasitoids
were left continuously in their cages for 3 weeks after
which all parasitoids died. Plants were kept in cages until
most Xies eclosed, then all galls were dissected to deter-
mine the presence of unmerged Xies, or parasitoids. All
uneclosed puparia within the galls were dissected under
no-choice and choice conditions, respectively.

2.8. Data analysis

Analysis of variance using a general linear model was
performed for count data for gall length, width, number
of emergence holes, number of pupae, number of emerged
Xies, and adult parasitoids (PROC GLM, SAS Institute,
2000). Corresponding treatment means were separated
using the Student–Newman–Keuls (SNK) test (Zar,
1999). Percent parasitism, multiparasitism, and mortality
were calculated, transformed by arcsin square root before
analysis and subjected to a one-way ANOVA for compar-
isons among mean values (SAS Institute, 2000).

Specimens of F. ceratitivorus were conWrmed by Rob-
ert Wharton of Texas A&M University. Voucher speci-
mens are deposited in the insect collection of the State of
Hawaii Department of Agriculture, Division of Plant
Industry, Plant Pest Control Branch, and Department of
Plant and Environmental Protection Sciences, Univer-
sity of Hawaii at Manoa, both in Honolulu, Hawaii.
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3. Results

3.1. Ovipositional preference and host suitability

During both 1 and 24 h after exposures, medXy egg-
infested papaya fruits were signiWcantly more attractive
to F. ceratitivorus than papaya infested by any of the
other three Xy species (F5,36 D 34.2, P < 0.01; F5,36 D 81.3,
P < 0.01) (Fig. 1). There was very little attraction to the
three Bactrocera species but signiWcantly higher than the
control. Bactrocera latifrons egg-infested papaya was
signiWcantly more attractive to F. ceratitivorus than the
other two Bactrocera species (Fig. 1). B. cucurbitae and
B. dorsalis were the least attractive to this parasitoid. B.
latifrons egg-infested pepper was signiWcantly more
attractive to F. ceratitivorus than the other Bactrocera
species.

Fopius ceratitivorus successfully reproduced almost
exclusively on the egg stage of C. capitata and very lim-
ited development was observed in treatments with Wrst
instar medXy (six parasitoids out of 1020 exposed hosts)
(Table 1). The parasitoid had no interest in larvae older
than Wrst instars.

Fig. 1. Percent F. ceratitivorus (mean § SE) attracted to oviposition
units (papaya fruits infested with tephritid eggs) after 1 and 24 h expo-
sure period. Means with same letter within each exposure period are
not signiWcantly diVerent from each other (P > 0.05).

Table 1
Mean § SE number of hosts per replicate and percent parasitism by
Fopius ceratitivorus exposed to four fruit Xy species

a Numbers in parentheses refer to the number of replicates. Means
followed by the same letters are not signiWcantly diVerent (p > 0.05).

Fly species No. of hosts Parasitism (%)a

Egg First
instar

Second
instar

B. cucurbitae 125.8 § 9.5 a 0 (8) — —
B. dorsalis 128.3 § 9.8 a 0 (7) — —
B. latifrons 123.7 § 7.6 a 0 (6) — —
C. capitata 128.3 § 13.1 a 10.0 § 0.9 (12) 0.6 § 0.5 (6) 0 (5)
The dissection of a sub-sample of 285 C. capitata eggs
exposed to F. ceratitivorus, resulted in 177 with no para-
sitoid eggs, 105 with one parasitoid egg each, and only
three containing two parasitoid eggs (62.7% superpara-
sitism). Not a single parasitoid progeny emerged from B.
cucurbitae, B. dorsalis or B. latifrons (Table 1).

3.2. Encapsulation of F. ceratitivorus by Bactrocera 
species

Dissection of 68 eggs and 248 larvae B. dorsalis, 48h
after exposure revealed that eggs of F. ceratitivorus were
encapsulated (7) or melanized (70) either partially or com-
pletely as a result of encapsulation (Fig. 2). The encapsu-
lated egg is close to the size of a 2–8 h. egg in a normal C.
Capitata host (mean maximum widthD72.5�m, nD 5). It
is slightly wider than a mature ovarian egg (mean maxi-
mum widthD56�m, nD5) indicating a slight increase in
size before a complete encapsulation took place. A 48 h. F.
ceratitivorus egg, ready to hatch in a normal C. capitata
host is 1.4 times wider (mean maximum widthD104�m,
nD10) than the encapsulated egg. There was no change in

Fig. 2. Encapsulated and melanized eggs of F. ceratitivorus, 48 h after
deposition in B. dorsalis.
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length of the three egg categories (mean lengthD490.8�m,
nD24).

A similar result was obtained with B. latifrons and B.
cucurbitae, the latter being much less accepted for egg
deposition than the other two Bactrocera species.

For the three Bactrocera species, parasitoid eggs were
encapsulated in the host’s egg stage and melanized later
during larval stage. No parasitoids emerged from sub-
samples of parasitized eggs of each species, exposed to F.
ceratitivorus and subsequently reared for Xies or parasit-
oids emergence. Detailed study of the encapsulation pro-
cess of F. ceratitivorus by the three Bactrocera species
will be presented elsewhere.

3.3. Developmental time and longevity

Mean § SE developmental period from deposition of
the egg until adult emergence was 21.8 § 1.1 days for
females (n D 92), and 20.0 § 0.4 days for males (n D 76) at
28 § 2 °C, 60–80% RH, and a 12:12 h LD regime. Mean
longevity of host-deprived females was 14.8 § 0.8 days
(n D 91). Mean longevity of mated males was 5.2 § 0.4
days (n D 43).

3.4. Competition with extant egg–larval parasitoid

Parasitism by F. ceratitivorus (13.1% § 10.1, n D 5)
was considerably lower than parasitism by F. arisanus
(67.6% § 13.6, n D 5) when each had access to medXy
eggs for the same duration (Table 2). Superparasitism of
medXy eggs by both F. ceratitivorus and F. arisanus was
very low (62%).

Exposure of hosts Wrst to F. arisanus and then to F.
ceratitivorus resulted in a mean of 16.5% multiparasit-
ism, compared to 9.6% multiparasitism when eggs previ-
ously parasitized by F. ceratitivorus were then exposed to
F. arisanus. There was no signiWcant diVerence in the
percent multiparasitism between those two exposures
(F1,7 D 0.57, P D 0.47) (Table 2).

The percent mortality of F. arisanus from treatment
in which hosts were Wrst exposed to F. arisanus and then
to F. ceratitivorus was signiWcantly diVerent from treat-
ment in which hosts were Wrst exposed to F. ceratitivorus
followed by F. arisanus (F1,7 D 15.1, P < 0.05) (Table 2).
The percent mortality of F. ceratitivorus from treatment
in which hosts were Wrst exposed to F. arisanus and then
to F. ceratitivorus was also signiWcantly diVerent from
treatment in which hosts were Wrst exposed to F. cerati-
tivorus followed by F. arisanus (F1,7 D 8.6, P < 0.05)
(Table 2).

The percent adult emergence of F. ceratitivorus from
the treatment in which host eggs were exposed to F. cer-
atitivorus alone was not signiWcantly diVerent from that
in which the hosts were exposed in succession to F. cerat-
itivorus and F. arisanus (F1,7 D 2.1, P > 0.18) (Table 3).

3.5. Impact on non-target Xy species

In both choice and no-choice experiments, none of
the F. ceratitivorus female parasitoids tested was
observed searching terminal shoots or probing on stems
and growing points of the pamakani weed and, no para-
sitoids accepted gall Xy eggs or larvae for oviposition
(Table 4).

In choice experiments female F. ceratitivorus were
observed searching and ovipositing only into C. capitata
eggs oVered in infested papaya fruits. A total of 46 para-
sitoids were reared out of 1048 medXy exposed as eggs in
three replicates. Furthermore, no signiWcant diVerence
was found in either uneclosed puparia or partially
emerged Xies between P. alani-infested plants exposed to
F. ceratitivorus and the control P. alani-infested stems
with F. ceratitivorus excluded (F1,65 D 0.30, P D 0.59;

Table 3
Outcome of interspeciWc competition between Fopius arisanus and
Fopius ceratitivorus within Ceratitis capitata eggs

Numbers in parentheses refer to the number of replicates. Mean values
in the same column followed by diVerent letters are signiWcantly diVer-
ent. (All proportional data were transformed by arcsin square root
before analysis of variance, one-way ANOVA, p < 0.05).

Exposure of hosts to No. of eggs
dissected

Mean § SE parasitism (%)

F. arisanus F. ceratitivorus

F. arisanus (Fa) alone 548 (4) 57.3 § 4.2 a —
Fa followed by Fc 499 (5) 38.7 § 9.5 a —
F. ceratitivorus (Fc) alone 613 (5) — 8.4 § 1.8 a
Fc followed by Fa 695 (5) — 4.7 § 1.3 a
Table 2
Mean § SE percent parasitism or multi-parasitism of Ceratitis capitata eggs exposed to Fopius arisanus (Fa) or Fopius ceratitivorus (Fc) alone, or to
both species in succession, and mean (§SE) percent mortality of one species individuals killed in presence of the other species in multi-parasitized
hosts at dissection

Numbers in parentheses refer to the number of replicates. Mean values in the same column followed by diVerent letters are signiWcantly diVerent (All
proportional data were transformed by arcsin square root before analysis, one-way ANOVA, p < 0.05).

Treatment Eggs
dissected

% Parasitism % Multi-parasitism % Mortality

Fa Fc Fa Fc

F. arisanus 324 (5) 67.6 § 13.6
F. ceratitivorus 532 (5) 13.1 § 10.1
Fa followed by Fc 362 (5) 65.3 § 5.6 29.4 § 5.4 16.5 § 5.9 a 1.7 § 1.2 a 53.8 § 19.3 a
Fc followed by Fa 310 (4) 54.6 § 12.8 18.3 § 5.5 9.6 § 6.3 a 34.9 § 10.3 b 12.9 § 12.9 b
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F1,65 D 1.51, P D 0.22; respectively). The same conclusion
was reached in experiments under no-choice conditions
(F1,98 D 0.59, P D 0.45; F1,98 D 0.38, P D 0.54; respectively).

4. Discussion

Host range tests are conducted to support decisions
as to whether an exotic insect can be released safely
within a new ecosystem. We studied the host preference
and host suitability of F. ceratitivorus on the four pest
fruit Xy species: C. capitata, B. cucurbitae, B. dorsalis,
and B. latifrons. Most opiine parasitoids of tephritids are
larval endoparasitoids (Wharton, 1989). The few excep-
tions are F. arisanus and F. caudatus, both of which
deposit eggs into the eggs of their hosts (Wharton, 1999;
Wharton et al., 2000). Our data conWrm that F. ceratitiv-
orus can successfully oviposit into C. capitata eggs
(Lopez et al., 2003). Oviposition in Wrst instar larvae
yielded very few progeny, and the parasitoid showed no
interest in older larvae (Lopez et al., 2003). Oviposition
in the egg stage and occasionally in the Wrst larval stage
is similar to F. arisanus (Bautista et al., 1998; Bess et al.,
1961; Haramoto, 1953; Quimio and Walter, 2001; Zenil
et al., 2004). None of the three Bactrocera species was
suitable host for the development of F. ceratitivorus.

Fopius ceratitivorus appears to have a very narrow
host range. All parasitoids eggs laid in B. cucurbitae, B.
latifrons, and B. dorsalis died, killed by the host’s
immune system. Endoparasitoid eggs or larvae may be
killed by a host’s immune system (Jervis and Copland,
1996), mainly through encapsulation (Salt, 1970). Simi-
lar observations have been reported with other opiine
parasitoids of C. capitata encapsulated in Bactrocera
species (Mohamed et al., 2003; Pemberton and Willard,
1918; Ramadan et al., 1994a,b). Failure of the parasitoid
to develop in B. cucurbitae, B. latifrons and B. dorsalis is
probably due to lack of physiological compatibility with
these hosts. This argument can be made because F. cerat-
itivorus, which is of African origin, has no evolutionary
history with the three Bactrocera species of Asian origin.

Fopius arisanus, which is of Asian origin, attacks at
least seven tephritid pest species (Wharton and Gilstrap,
1983). It was originally introduced to Hawaii in 1948 for
the control of B. dorsalis (Bess et al., 1961). But soon F.
arisanus also became established on C. capitata popula-
tions and outnumbered other parasitoids of C. capitata
in Hawaii, including D. tryoni, F. vandenboschi, D. longi-
caudata, and P. incisi, as well as the gregarious eulophid
T. giVardianus (Bess et al., 1961; Haramoto and Bess,
1970).

The relative success of F. arisanus has stimulated
exploration for other egg-attacking Fopius parasitoids.
The demonstrated ability of F. ceratitivorus to parasitize
eggs in this study suggests signiWcant potential for this
parasitoid to contribute to the biological control of C.
capitata. It can attack eggs located near the surface of
infested fruits and vegetables, which are particularly vul-
nerable. In addition, the early presence of the parasitoid
inside the hosts gives it a competitive edge over other
Table 4
Response of Fopius ceratitivorus to Procecidochares alani infesting potted plants of the pamakani weed, Ageratina riparia in the presence (choice test)
or absence (no-choice test) of its natural host, Ceratitis capitata

a Parasitoids response to hosts was recorded continuously for 20 min and then every two hours following their release in cages. Subsequent obser-
vations were made three times every day until parasitoids death.

b Mean number of parasitoids emerged from 3 U of medXy-infested papaya exposed to parasitoids in three consecutives days.
c There were no signiWcant diVerences between the two treatments among all the measured parameters (PROC GLM, P > 0.05).

Parameters (per gall) P. alani exposed to F. ceratitivorusc P. alani with F. ceratitivorus excludedc

No. of galls Mean § SE No. of galls Mean § SE

No-choice test
Gall length (cm) 92 1.5 § 0.0 8 1.1 § 0.1
Gall width (cm) 92 0.4 § 0.0 8 0.4 § 0.0
Emergence holes 92 2.5 § 0.2 8 2.9 § 0.6
Flies emerged 92 2.6 § 0.2 8 3.0 § 0.7
Uneclosed puparia 92 0.7 § 0.1 8 0.4 § 0.2
Partially emerged Xies 92 0.2 § 0.1 8 0.4 § 0.3
Puparia with scars or parasitoid cadavers 92 0 8 0
Parasitoids landed on terminal shoots or gallsa 92 0 — —

Choice test
Gall length (cm) 58 1.5 § 0.1 9 1.5 § 0.2
Gall width (cm) 58 0.4 § 0.0 9 0.5 § 0.1
Emergence holes 58 2.2 § 0.2 9 1.9 § 0.5
Flies emerged 58 2.6 § 0.3 9 2.1 § 0.8
Uneclosed puparia 58 0.3 § 0.1 9 0.4 § 0.2
Partially emerged Xies 58 0.2 § 0.1 9 0.4 § 0.2
Puparia with scars or parasitoid cadavers 58 0 9 0
Parasitoids landed on terminal shoots or gallsa 58 0 — —
Parasitoids emerged from papaya unitb — 15.3 § 3.3 — —
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parasitoids (i.e., larval attacking species) arriving later
into the system.

In general, parasitoids attacking hosts early are better
competitors than those attacking the hosts at a later
developmental stage (Bokonon-Ganta et al., 1996; Wang
and Messing, 2002; Wang et al., 2003). Several cases of
competitive displacements among introduced parasitoid
species under Weld conditions have been documented
(Back and Pemberton, 1918; Bennett et al., 1976; Bess et
al., 1961). Among the best illustrations are the displace-
ments of the several early or concurrently introduced
larval parasitoids by F. arisanus (Bess et al., 1961). F.
arisanus physiologically suppresses egg development of
larval parasitoids when competition occurs (van den
Bosch and Haramoto, 1953; Wang and Messing, 2002;
Wang et al., 2003).

However, those replacements were accompanied by a
higher total parasitism and a greater overall reduction in
the pest infestation than the Wrst introduced species had
achieved (Bennett et al., 1976). The attack of host eggs
by F. ceratitivorus, like F. arisanus would probably give
the parasitoid an advantage to win the competition
against larval fruit Xy parasitoids. It could therefore play
an important role in population management of C. capi-
tata in Hawaii and other tropical and subtropical coun-
tries around the world where the pest has spread.

Even though F. ceratitivorus and F. arisanus are both
egg–larval parasitoids, the Wrst prefers older eggs (Boko-
non-Ganta, unpublished; Lopez et al., 2003) while the
latter more readily attacks young eggs (Harris and Bau-
tista, 1996; Ramadan et al., 1992). This might explain a
competitive superiority of F. arisanus over F. ceratitivo-
rus when both species are in the same host. In our study,
with an artiWcial arrangement of the order of oviposi-
tion, dissections of multiparasitized host eggs and adult
emergence data revealed that both species have an equal
chance to win the competition against the other species,
depending on which one occupied the host Wrst. This
might not be true in nature where F. arisanus will usually
Wnd the host Wrst.

In the present study, the total rate of parasitism when
the two parasitoids attacked together was no better than
when they acted alone. Improvement might be achieved
in the Weld in areas of high infestation, as in other sys-
tems where the establishment and coexistence of a sec-
ond parasitoid resulted in a better control level in
various ecological zones (Bokonon-Ganta et al., 1996;
Neuenschwander et al., 1994).

Several authors have raised concerns about potential
environmental impacts of new parasitoid species intro-
duced against tephritid pests in Hawaii (Duan et al.,
1996, 1998; Howarth, 1991). Gall-forming tephritids
such as P. alani, Procecidochares utilis stone, and E. xan-
thochaeta are already attacked by the extant opiine para-
sitoids D. longicaudata and D. tryoni in the Weld (Clancy
et al., 1952). All of these are larval parasitoids. To our
knowledge, not a single case of an egg–larval parasitoid
attacking non-target tephritid Xies has been reported to
date, despite several intensive Weld surveys (Duan et al.,
1996; Wong et al., 1984). Adult gall-forming tephritids
lay eggs on the tips of growing shoots of their host plants
and hatching larvae bore into stem tissues and eventu-
ally induce spheroid galls on the apical region of plant
stems (Hapai, 1977). Fopius ceratitivorus deposits its eggs
inside host eggs inserted in fruit, and does not recognize
or attack Xy eggs inserted between folded leaves at the
tips. Results from our laboratory experiments demon-
strate that F. ceratitivorus, exposed to infested potted
plant with a range of Xy stages including eggs, early and
late larval stages, completely lacks oviposition responses
to the non-target Xy, P. alani. Therefore, utilization of F.
ceratitivorus in biological control programs targeted
against the frugivorus pest, C. capitata, would likely
have no harmful impact on gall-forming tephritids.

In conclusion, our Wndings demonstrate that F. cerat-
itivorus is an egg–larval parasitoid that successfully
parasitizes C. capitata. This Xy is already attacked by a
handful of imported parasitoid species, including
another egg–larval parasitoid, F. arisanus, and less fre-
quently, by D. tryoni, P. incisi (all solitary larval parasit-
oids) and T. giVardianus. Results of competiton studies
have shown that F. arisanus and F. ceratitivorus in an
artiWcial condition have an equal chance to win the com-
petition against each other. F. arisanus was shown to win
the competition over all other opiines in Hawaii, which
are larval parasitoids (Wang and Messing, 2002, 2003;
Wang et al., 2003). Nevertheless, these larval parasitoids
co-exist with F. arisanus in many habitats (Wong and
Ramadan, 1987), perhaps due to the diversity host
microhabitats in Hawaiian ecosystems. Therefore, we
predict that F. ceratitivorus can coexist with F. arisanus
in some habitats, and could even dominate in Hawaii in
some high elevation sites where F. arisanus is not abun-
dant and conditions favor the preferred host, C. capitata.

Overall, the reproductive behavior of F. ceratitivorus,
its potential coexistence with F. arisanus, and the demon-
strated absence of harmful impacts on non-target (non-
frugivorous) Xy species are positive attributes for an
eYcient tephritid biological control agent and warrant
its introduction for Mediterranean fruit Xy control in
Hawaii and other regional C. capitata integrated pest
management programs.
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