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Abstract Bactrocera zonata is a devastating invasive
pest of tropical and subtropical horticultural crops.
Since its detection in Sudan in 2011, almost no
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information has emerged regarding its bio-ecology.
This study aimed to determine the pest’s range and
potential distribution in Sudan, it’s relative abun-
dance, infestation level, associated indigenous nat-
ural enemies and assess their role in its natural
control. The infestation levels of B. zonata and
B. dorsalis were assessed in fruit orchards between
2014 and 2016. MaxEnt software was used to pre-
dict the distribution of both species countrywide
using occurrence points. Out of eighteen states,
B. zonata was recorded coexisting with
B. dorsalis in nine states, with relative abundance
ranging between 0.2-100%. This co-occurrence was
also confirmed by MaxEnt that showed high cli-
mate suitability in these states, with the mean an-
nual temperature being the most important variable
affecting the distribution of both species. Fruits
infested with B. zomata included mango, guava,
grapefruit, oranges and papaya. Three parasitioids;
Tetrastichus giffardianus, Agonaspis sp. and
Psytallia sp. were found associated with
B. zonata. Our results provide evidence that the
pest is widely spread across the country and poses
a significant threat of invasion into neighboring
countries and beyond unless early detection and
eradication programs are applied.

Keywords Peach fruit fly - Invasive - Quarantine -
Tetrastichus giffardianus - Bactrocera zonata -
Bactrocera dorsalis
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Introduction

The genus Bactrocera (Diptera: Tephritidae) comprises
aggressive invasive fruit flies species that impact nega-
tively on fruit and vegetable production worldwide.
Three Bactrocera species, namely the oriental fruit fly,
Bactrocera dorsalis (Hendel), the Solanum fruit fly,
Bactrocera latifrons (Hendel) and the peach fruit fly,
Bactrocera zonata (Saunders) invaded Africa in recent
years and their impact has been enormous in fruit and
vegetable production in the continent (Lux et al. 2003;
Mwatawala et al. 2007; De Meyer et al. 2007). Among
the above, B. zonata is still restricted in North Africa,
but there are fears that the pest might eventually find its
way into Northeast Africa, East Africa and Southern
Africa (Ni et al. 2012).

Despite its common name, the peach fruit fly,
B. zonata is extremely polyphagous and attacks over
50 host plants in a number of major plant families (White
and Elson-Harris 1994; EPPO 2013; Allwood et al.
1999). The host range is reportedly growing with new
records of host plants being documented. For example,
in Mauritius where B. zonata is already established,
watermelon, Citrullus lanatus (Thunb) (Cucurbitaceae);
avocado, Persea americana Mill (Lauraceae); java ap-
ple, Syzygium samarangense (Blume) (Myrtaceae) and
bottle gourd, Lagenaria leucaritha Molina
(Cucurbitaceae), are some of the plants previously not
recorded as host plants (Quilici et al. 2008). Among the
most preferred host plants are commercially important
fruits such as mango, Mangifera indica L
(Anacardiaceae), peaches, Prunus persica (L) Batsch
(Rosaceae), guava, Psidium guajava L (Myrtaceae) and
fig, Ficus carica L (Moraceae) (Qureshi et al. 1991;
Mosleh et al. 2011). In a choice test, it has been demon-
strated that B. zonata preferred mango fruits followed by
peach which allows 84.53% and 81.09, respectively of
immature stages to develop to adults (Sarwar et al.
2013). Prior to its detection in Sudan, B. zonata was
reported in the Arabian Peninsula in countries including
the United Arab Emirates, Saudi Arabia, Oman, and
Yemen, (White 2006; EPPO 2010). The pest has also
been recorded on potatoes in Egypt where it widely
occurs (El-Samea and Fetoh 2006; Darwish et al. 2014).

Bactrocera zonata also occurs widely in Vietnam,
India, Sri Lanka, Bhutan, Laos, Thailand, Bangladesh,
Pakistan and most likely other countries in greater Asia
(White and Elson-Harris 1994; Kapoor 1993; Drew and
Romig 2013; Sarwar et al. 2014). Some studies (i.e.
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White and Elson-Harris 1994; EPPO 2010) reported that
B. zonata occurs in Indonesia. However, Drew and
Romig (2013) stated that intensive surveys were con-
ducted throughout the country for B. zonata but no
specimen was found, thus, the occurrence of this pest
in Indonesia should be considered doubtful. Away from
Asia, the pest was once detected in California, USA in
1984, 1987 (Spaugy 1988; Foote et al. 1993) and re-
cently in Miami in 2010 (Steck 2010). Bactrocera
zonata remains a real threat even to major trading blocs
such as the European Union, thus in efforts aimed at
quarantining the pest from Europe, the European and
Mediterranean Plant Protection Organization (EPPO)
categorized B. zonata as an Al phytosanitary threat to
horticulture in Europe (Kapoor 1993). The pest is pre-
sumed to be more competitive and invasive than other
invasive pests such as the Medfly Ceratitis capitata
(Wiedemann), which is already established in Europe.

In Africa, B. zonata was intercepted for the first time
in Egypt in 1914 (Efflatoun 1924) and declared wide-
spread in the same country by the year 2002 (EPPO
2002). The pest has also been reported in Libya and the
Indian Ocean islands of Mauritius and Reunion (White
et al. 2000). In Egypt alone, annual losses amounting to
190 million Euro due to infestation by the pest on
mango, peach, guava and apricot Prunus armeniaca L.
(Dicotyledonae) have been recorded while similarly, the
Middle East countries lose in excess of 320 million Euro
worthy of earnings (EPPO 2005). In addition to the
direct losses, countries, where the pest has been record-
ed continue to lose potential revenue due to quarantine
restrictions imposed by lucrative export markets.

In July 2011, B. zonata was detected in Central
Sudan on mango and guava, but no data is available to
quantify actual and potential losses attributable to the
pest (Salah et al. 2012). Data from detection and sur-
veillance traps set in Gezira and Sennar states showed
higher trap catches for B. zonata than B. dorsalis (Salah
et al. 2012) which could mean that the former inhabit
niches which are unexploited by the later or may be
more aggressive and devastating. This is quite alarming
given the fact that horticultural production in the country
is already overburdened by the heavy infestation attrib-
uted to B. dorsalis. Presence and the inability to ade-
quately manage B. dorsalis has already resulted in the
loss of exports to Gulf countries and other international
markets. This could be compounded by B. zonata,
which will impact rural communities that rely on agri-
culture for their livelihood.
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Several control methods have been used to manage
B. zonata in fruit orchards. These includes the male
annihilation technique using methyl eugenol attractant,
filed sanitation and pesticides application on foliar and
soil to target adults and pupae (Ghanim et al. 2010; Al-
Eryan et al. 2018). In addition, some parasitoids such as
Dirhinus giffardii Silvestri, Trybliographa daci Weld,
Diachasmimorpha longicaudata Ashmead, Fopius
vandenboschi Fullaway and Psyttalia makii Sonan were
identified in the pest native region as the potential nat-
ural enemies (Stibick 2004; Sarwar et al. 2015). How-
ever, being an invasive pest, classical biological control
might be an ideal option for its suppression as has been
proven for other invasive fruit flies species. Neverthe-
less, classical biological control should be informed and
guided by extensive knowledge on whether indigenous
natural enemies capable of suppressing B. zonata ade-
quately are available locally. In light of B. zonata being
a potential menace to fruit and vegetable production in
Sudan, the objective of the current study was to deter-
mine the occurrence, relative abundance, magnitude of
infestation and indigenous natural enemies’ fauna of
B. zonata in selected states in Sudan.

Materials and methods
Study sites

The study was conducted from September 2014 to April
2016 in different fruit producing states representing
agro-ecological zones of Sudan. These included North-
ern, River Nile, Khartoum, Gezira, Sennar, Kassala,
Gedarif, White Nile, Blue Nile, North Kordofan, South
Kordofan, West Darfur, North Darfur and East Darfur,
with several localities within the states being demarcat-
ed for study (Table 1). In each State, three to five sites
were randomly selected as sampling sites. This selection
was based on the availability of the fruit orchards in the
state because fruits production is rarely practiced in
some states. Areas close to the borders of Ethiopia,
Eritrea and Republic of South Sudan were also included
in the study. GPS coordinates for all sites where fruits
were sampled and traps were set, were recorded.

Fruit flies trapping using methyl eugenol baited traps

Modified Lynfield traps equipped with cotton wicks
soaked in a mixture of methyl eugenol (Farma Tech

International Corporation, Fresno, CA) and Malathion
57 EC (Cheminova India Ltd., Mumbai, Maharashtra,
India) in the ratio 3:1 were randomly distributed in study
orchards at a density of 4-8 traps/Ha. Traps were
suspended on trees at two meters above the ground level
using galvanised wire and were placed 50 m away from
each other. The wire was coated with a thin layer of Tree
Tanglefoot® glue (Canada) to prevent predatory ants
from entering the traps. Cotton wicks were changed
after every six weeks and fruit flies caught in the traps
were removed weekly for the entire duration of the
study. Flies were then preserved in 70% ethanol and
transported to the laboratory at the Agricultural Re-
search Corporation (ARC), Wad Medani, Sudan for
sorting and identification following descriptions and
keys by (Virgilio et al. 2014; Drew and Romig 2016).

Fruit sampling

Mango, papaya Carica papaya L (Caricaceae), citrus,
Citrus sp. (Rutaceae), grapefruit, Citrus % paradisi
(Rutaceae), banana, Musa sp. (Musaceae) date palm
and guava fruits were sampled from the same farms in
which traps were set for monitoring. The sampled fruits
were placed in khakhi bags then transported to the
Agricultural Research Corporation (ARC) laboratory
where they were weighed and incubated in plastic con-
tainers (20 x 20 x 30 cm) placed over a 5 cm layer of
sterilized sand which acted as pupating media for larvae
popping out from the fruits. A rectangular piece (10 x

10 cm) had been cut out from the side of the container
and replaced with fine mesh cloth fitted tightly over the
resulting space in order to provide aeration.

Puparia were picked from the sand using a pair of soft
forceps and placed in Petri dishes (8.6 cm diameter) then
introduced in Perspex cages (50 x 50 x 50 cm) for adult
fruit flies to emerge. Emerged adult flies were fed on an
artificial diet consisting of a mixture of sugar and ultra-
pure grade enzymatic yeast hydrolysate (USB Corpora-
tion, Cleveland, Ohio, USA) at the ratio of 3:1 by
volume and were provided with water in a Petri dish
(8.6 cm diameter) with a layer of pumice. They were left
for 48 h to allow the development of full coloration and
were then killed by placing them in a freezer (-18 °C) for
30 min.

Emerging parasitoids were fed on honey streaked on
the topmost part of the cage and also killed in the same
manner. Thereafter, the flies and parasitoids were pre-
served in 70% ethanol and kept for identification later.
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Table 1 Fruit fly sampling sites across Sudan States using Methyl Eugenol

State Sampling date Locality Fruits in GPS co-ordinates Elevation Presence of B. Presence of B.
plantation zonata dorsalis
Kassala 11/08/2014 to Sawagi Guava, Mango, S15°2820.3" 509 + +
11/09/2014 North E36°21'80.7"
11/08/2014 to S15°27'37.9" 509 + +
11/09/2014 E36°22'07.7"
11/08/2014 to Sawagi Citrus, Guava S15°2523.0” 515 + +
11/09/2014 South E36°23'44.5"
11/08/2014 to S15°2522.0" 516 + +
11/09/2014 E36°23'49.9"
Khartoum  12/10/2014 to Elfaki Guava S15°5000.3" 372 +
27/12/2014 Hashim E32°32'09.0”
27/12/2014 to Kabashi S15°54'04.7" 385 + +
27/01/2105 E32°34'45.0"
27/12/2014 to Elsaggai S15°56"22.5" 385 + +
27/01/2105 E32°33'49.9"
27/03/2014 to Elgailly S16°00'56.6" 385 +
27/4/2015 E32°34'14.3"
Sennar 23/10/2014 to Singa Mango S13°09'08.4" 453 +
28/11/2014 E33°56'44.7"
13/09/2014 to Azazah 1 Guava, Mango S13°07'07.5" 456 +
20/09/2014 E33°58'14.8"
13/09/2014 to Azazah 2 Guava S13°06'56.3" 451 +
20/09/2014 E33°57'53.9"
White Nile  02/01/2015 to Fangouga Citrus, Guava S13°10'58.0" 426 +
13/2/2015 E32°52'26.0"
01/12/2014 to Elgazira aba Guava, Mango S13°20'36.6" 400 + +
02/01/2015 E32°36'38.5"
07/11/2011 to Almakhaleef Guava S$12°29'37.9" 407 + +
02/01/2015 E32°49'13.3"
07/11/2014 to Eldiuem Guava, Mango S12°49'58.0" 319 + +
01/12/2014 E32°47'25.0"
Blue Nile  14/11/2014 to Karoury Mango S12°00"25.5" 467 +
27/12/2014 E34°20'18.5"
14/11/2014 to Elgerif S12°03'36.3" 479 +
27/12/2014 E34°18'55.6"
14/11/2014 to Elseraiw S12°04'57.6" 471 +
27/12/2014 E34°18'13.5"
14/11/2014 to Barankawa S12°45'32.3" 478 +
29/12/2014 E34°0829.1"
14/11/2014 to Reweena S12°31'49.6" 476 +
27/12/2014 E34°00'40.5"
14/11/2014 to Damazin Mango S11°47'39.7" 482 +
27/12/2014 E34°22'07.9"
14/11/2014 to Roseirs Mango S11°57"26.6" 495 +
27/12/2014 E34°23'10.0"
Gedarif 12/11/2014 to Elhawata Guava, Mango S13°25'10.6" 395 + +
07/12/2014 E34°37'56.1"
12/11/2014 to Bazoura Mango S13°06'32.8" 445 +
07/12/2014 E34°55'91.2"
12/11/2014 to Gadoura 1 ~ Mango S13°00'12.2" 499 +
07/12/2014 E34°58'00.3"
12/11/2014 to Gadoura 2 S13°00'04.3" 461 +
07/12/2014 E34°58'63.4"
12/11/2014 to Tabaldia S12°53'18.8" 428 +
07/12/2014 gezm E35°09'45.7"
19/01/2015 to Bandeghew S12°50'11.5" 235 +
19/02/2015 E35°13'09.2"
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Table 1 (continued)

State Sampling date Locality Fruits in GPS co-ordinates Elevation Presence of B. Presence of B.
plantation dorsalis
Diab Mango, Citrus S12°45'04.2" 492 +
Muqudi E35°21'00.3”
12/11/2014 to Asspury Mango S12°44'68.5" 492 +
07/12/2014 E35°23'48.2"
Kershelfil S12°44'30.4" 491 +
E35°27'98.1"
Alfazraa S12°43'17.7" 467 +
E35°35'54.1"
River Nile  11/11/2014 to Shendi Mango S16°4126.8" 360 +
15/11/201 E33°24'82.6"
11/11/2014 to Shagalwa Guava, Mango S16°43'59.3" 369 +
15/11/201 E33°28'17.7"
23/1/2015 Ketiab Mango S16°43'53.8" 379 +
E33°28"25.8"
23/12/2014 to Zeidab S17°24'87.9" 246 +
31/1/2015 E33°51'35.7"
11/11/2014 to Gandatu Mango S16°41'00.7" 362 +
15/11/201 E33°23'52.7"
Northern 28/12/2014 to Goshabi S17°59'44.4" 237 +
28/1/2015 E31°07'95.6"
28/12/2014 to Merwi Guava, Mango, S18°29'59.6" 251 +
28/1/2015 Citrus E31°50'84.8"
26/01/2015 to Nouri Mango, Citrus S18°34'52.7" 243 +
15/2/2015 E31°53'35.8"
28/12/2014 to Argou 1 Mango, Citrus, S19°17'16.7" 233
28/01/2015 Date palm E30°29'82.2"
28/01/2015 to Argou 2 S19°31'41.1" 217
28/02/2015 E30°25'02.1"
28/12/2014 to Argou 3 S$19°30'97.5" 226 +
28/01/2015 E30°24'98.8"
28/12/2014 to Algabah Mango, Citrus S18°0979.3" 235 +
28/1/2015 E30°4528.2"
29/12/2014 to Dongola Mango, Citrus, S$19°10'59.2" 217 +
29/1/2015 Date palm E30°27'60.3"
South 12/8/2015 to Nyala Mango S12°01'55.4" 645 +
Darfur 15/11/2015 E24°55'48.9"
West 13/9/2015 to Elgenaina Mango S13°26'46.6" 780 +
Darfur 15/12/2015 E22°27'49.1"
Gezira 19/07/2014 to G. Elfil Mango, Guava S14°26'56.4" 410 +
20/8/2014 E33°29'85.2"
26/12/2014 to Hantoub S14°40'11.8" 410 +
02/01/2014 E33°51'98.9"
25/09/2014 to Kurdugail S14°25'000" 410 +
26/10/2014 E33°65'000"
10/06/2015 to Elgemabi Mango, Guava, S15°01'92.0" 508 +
25/07/2015 Citrus E33°15'11.0"
26/12/2014 to Safeta Terab Guava, Citrus S14°44'000" 402 +
17/02/2015 E33°18'000"
27/10/2014 to Elkamleen S15°02'67.0" 396 +
27/12/2014 E33°16'14.0”
03/10/2014 to Fadasi Mango, Guava S14°56'04” 406
03/11/2014 E33°43'53.0"
Central 21/10/2015 to Zalenji Mango S12°54'21.6" 899 +
Darfur 21/01/2016 E23°28'08.7"
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Table 1 (continued)

State Sampling date Locality Fruits in GPS co-ordinates Elevation Presence of B. Presence of B.
plantation zonata dorsalis
North 11/12/2015 to Errahad Guava S12°42'59.9" 490 + +
Kordofan ~ 23/04/2016 E30°38'59.9”
South 25/'12/2015 to Abu Mango S11°28"71.6" 643 + +
Kordofan ~ 28/04/2016 jubaihah E31°3'41.8"

Parasitoids were identified following the description and
keys of (LaSalle and Wharton 2002; Wharton and
Yoder 2020).

Indigenous parasitoid species associated with B. zonata

Parasitoids emerging from fruits in which B. zonata was
the only emerging fruit fly species were counted and
percent parasitism calculated. Since parasitoids were
emerging from fruits with mixed infestations of
B. zonata, B. dorsalis, Ceratitis cosyra (Walker), and
Ceratitis capitata (Wiedemann), an independent study
was conducted at Fadasi, in Gezira State where fruits
were exclusively infested with B. zonata, to determine
parasitoid species specifically parasitizing the pest. This
was from November 2015 to May 2016.

Data analysis

Flies captured in methyl eugenol baited traps were iden-
tified, counted and the daily capture rate computed using
the formula: Fruit Flies per trap per day (FF/T/D)=F/
(T x D) where F =total number of flies; T = number of
serviced traps and D =average number of days traps
were exposed in the field (IAEA 2003). The relative
abundance of each fruit fly species was estimated as: the
number of flies of the same species/ the total number of
all species caught x 100. Infestation level of various
fruits was expressed as the number of fruit flies per kg
of sampled fruit. Percent parasitism was expressed as
the number of emerged parasitoids/ total number of
puparia x 100. Percent relative abundance (PRA) and
fruit flies captured per trap per day (FF/T/D) of
B. zonata and B. dorsalis from methyl eugenol traps
were subjected to one-way analysis of variance to de-
termine differences of the same in various states. All
analyses were performed using R software version 3.1.1
(R Core Team 2017).
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GPS coordinates collected for the occurrence of
B. zonata and B. dorsalis were used to predict the
distribution of the two pests in Sudan using MaxEnt—
software. MaxEnt evaluates the probability distribution
for target species using presence data through the max-
imum entropy function (Phillips et al. 2006). In our
study, 19 bioclimatic variables were obtained from
Worldclim database (http://www.worldclim.org/), with
a spatial resolution of 2.5 arc sec to predict both fruit fly
species distribution. We used 70% of the fruit fly
occurrence data to develop the model, while the
remaining 30% were used to test the accuracy of the
model. The model accuracy was evaluated using the
Area Under the Curve (AUC) of the receiver operating
characteristics curve. The contribution of each environ-
mental variable to the model performance was evaluated
by the jackknife procedure. The most important envi-
ronmental variables were those that produced the
highest contribution to the model.

Results
Fruit flies catches from methyl Eugenol baited traps

Bactrocera zonata was recovered from methyl eugenol
traps in nine out of the 14 surveyed states (Fig. 1). These
are Northern, River Nile, Khartoum, Gezira, White Nile,
Kassala, Gedarif, North Kordofan and South Kordofan
states. Mean percent relative abundance of B. zonata
was significantly higher in Khartoum state (F=3.78; df
13,52; p<0.0001), followed by Northern state and be-
ing lowest in South, West and Central Darfur states
(Table 2). Similarly, mean trap catches were significant-
ly higher (F=3.25; df 13,52; p<0.001), in Khartoum
and Northern State than in any other sampled states,
again being lowest in South, West and Central Darfur
states. On the other hand, mean percent relative
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abundance of B. dorsalis was significantly higher (F'=
4.29; 13,52; p<0.0001), in River Nile, Sennar, Blue
Nile, Gedarif, South, West and Central Darfur states
compared to the other seven states (Table 2). Mean trap
catches were significantly higher (F'=2.57; 13,52;
p<0.008), in Sennar State compared to 13 other states.
Overall mean percent relative abundance was four times
higher for B. dorsalis compared to B. zonata while mean
FF/T/D was 13 times higher for the former than the later
(Table 2).

Fruit flies species recovered from fruits sampled
from various states

Apart from B. zonata, other fruit flies species were
recovered from sampled fruit in some of the 14 states
in Sudan (Table 3). These were B. dorsalis, Ceratitis
cosyra and Ceratitis capitata. Bactrocera zonata was
mainly recovered from mango, grapefruit, guava, or-
anges and papaya while B. dorsalis was only recovered
from mango, guava and oranges. Ceratitis cosyra was
recovered from mango and guava while C. capitata was
recovered from guava only. In the Northern and River
states, B. zonata was the only species recovered from the
sampled fruits (with up to 10.2 fly/kg of fruit), except at
one site (Argou 2), where few C. capitata (1.5 fly/kg of
fruit) were also recovered (Table 3). Conversely, in
Khartoum State, at Elfaki Hashim, four fruit flies were
recovered from the sampled fruit with B. zonata being
the highest in number (201.1 fly/kg of fruit) which was
approximately three fold of that of B. dorsalis, while C.
cosyra was the least recovered species (12.4 fly/kg of
fruit). However, within the same State at Elkabashi, B.
zonata and B. dorsalis were recovered in almost similar
proportions (Table 3). In Gezira State, only the two
Bactrocera species recovered from all sampled sites.
Furthermore, the highest number of B. dorsalis fruit flies
per kilogram of fruit was recorded in this State, specif-
ically at Fadasi in guava (Table 3).

Fruits sampled from South Kordofan State, yielded
both B. zonata and B. dorsalis, though the former spe-
cies was reared in very low numbers, being higher in the
central part of the State (Abu Jubyhah) with 4.8 fly/kg of
fruit (Table 3). On the other hand, all fruits collected
from Sennar, Blue Nile, Kassala, Gedarif and North
Kordofan states yielded no B. zonata. The only fruit
fly recovered from Gedarif was B. dorsalis with up to
1246.9 flies/kg from mango and 1086.6 flies/kg from
guava sampled (Table 3).

Indigenous parasitoid species associated with B. zonata

Out of the eleven states where fruit samples were collect-
ed, fruit fly parasitoids were recovered only from Khar-
toum, Gezira and White Nile states. These were the
gregarious Tetrastichus giffardianus Silvestri (Hymenop-
tera: Eulophidae) and an unidentified species of
Aganaspis and Psyttalia. From fruits at Fadasi, Gezira
State where B. zonata was the sole fruit fly species,
percent parasitism by 7. giffardianus ranged from 0.8%
to 58.1% (Fig. 2). Mean number of parasitoid wasps
emerging from a single puparium ranged from 1.3 to 6.5.

Distribution of B. zonata and B. dorsalis in Sudan

The model evaluation provided good performance with
AUC 0f0.90, 0.95 and 0.89 for B. zonata, B. dorsalis and
the occurrence of both species, respectively (Fig. 3). The
bioclimatic variables which provided the highest contri-
bution to the potential distribution of B. zonata were the
annual mean temperature and precipitation of coldest
quarter with values of 78.8 and 15.2% respectively
(Table 4). While the annual mean temperature, max
temperature of the warmest month, mean temperature of
the coldest quarter and the precipitation of warmest quar-
ter were the most important variables contributing to the
B. dorsalis distribution model, accounting for 45.1, 20.8,
13.8 and 9.7%, respectively (Table 4). For the occurrence
of both species in the same location, annual mean tem-
perature, precipitation of coldest quarter and mean tem-
perature of warmest quarter were the most contributed
variables with 77.3, 14.9 and 3.2%, respectively
(Table 4). The model predicted that the most suitable
areas for B. zonata were Kassala, Gezira, Sennar, Khar-
toum, Northern, Gedarif, River Nile and White Nile
states, with the highest probability of occurrence for this
species (Fig. 4A). On the other hand, the most suitable
areas for B. dorsalis were less than that of B. zonata, with
the highest probability predicted in Kassala, Gezira, Sen-
nar and Gedarif states (Fig. 4B). Similarly, the most
suitable habitat for the occurrence of both species was
predicted in Kassala, Gezira, Sennar, Khartoum, North-
ern, Gedarif, River Nile and White Nile states (Fig. 4C).

Discussion

The study reports the widespread occurrence of
B. zonata in Sudan, with the pest being confirmed in
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Fig. 1 Occurence of Bactrocera zonata in Sudan States based on catches from methyl eugenol baited traps and sampling of various fruits
from 2014 to 2016. The red dot shows the states with positive Bactrocera zonata detection

nine out of the 14 states through methyl eugenol traps
and further by fruit sampling. We may attribute its
absence especially in South, West and Central Darfur
states to fewer (only one) sampling sites, although this
may not be the case in Sennar and Blue Nile where we
had five and seven sampling sites respectively. Our
sampling period was not continuous and depended on
availability of fruits. The absence of B. zonata from the
three states of Darfour, could further be explained by the
fact that this region is separated from the other major
fruit producing regions by a massive belt of the Great
Sahara that acts as a natural barrier for insect movement.
However, it is expected that eventually, the pest could
find its way to this region through fruit trade, unless
strong legislation of restricting movement of fruits
among the states is strictly enforced an adhered to in
order to maintain this region as B. zonata free zone. In
addition, as suggested by Zhang et al. (2007), ecosystem
services and disservices highly affect the dispersal of
insects. Thus, the spread of B. zonata may be influenced
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by several factors such as habitat complexity, habitat
fragmentation and habitat connectivity (Chidawanyika
et al. 2019). On the negative side, habitat complexity
due to highly fragmented cropping systems, unavailabil-
ity of quality resources, and poorly connected habitats
pose serious challenges and impediments to the dispers-
al and successful establishment of insect pests. Howev-
er, when suitable resources are available, cropping sys-
tems continuous, and predation fairly low and ineffec-
tive, there is more room for dispersal and establishment.

In Sennar, Blue Nile and Greater Darfur State,
B. zonata was neither detected in methyl eugenol baited
traps nor recovered from fruits sampled from these
states. It is quite intriguing, to note that B. zonata could
not be trapped in methyl eugenol baited traps nor be
recovered from fruits sampled in Sennar, yet it was
accidentally detected for the first time in Sudan in this
State from a survey targeting the other invasive species
B. dorsalis (Salah et al. 2012). The reason for its possi-
ble disappearance from this State is not clear, especially
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Table 2 Mean percent relative abundance (PRA) and mean fruit flies captured per trap per day (FF/T/D) of B. zonata and B. dorsalis from
methyl eugenol traps in different States of Sudan from 2014 to 2016 fruiting seasons

State Number of sites sampled ~ B. zonata B.dorsalis

Mean PRA+SE ~ Mean FF/T/D + SE Mean PRA+SE ~ Mean FF/T/D + SE
Northern 10 45.00+13.83 5.83+2.21 50.41+13.10 8.88 +£3.38
River Nile 5 0.18+0.11 0.14+0.1 99.62+0.29 54.14+11.87
Khartoum 4 77.45+7.89 14.48£6.27 22.55+7.89 4.63+£2.90
Gezira 8 24.86+13.30 435+£1.96 75.26+13.36 23.86+7.31
White Nile 6 30.85+14.58 0.78+0.47 68.65+14.61 6.85+2.76
Sennar 5 0.00+0.00 0.00+0.00 100.00 £ 0.00 212.54+116.91
Blue Nile 7 0.00£0.00 0.00+0.00 100.00 £ 0.00 28.21+16.23
Kassala 4 17.83+£7.90 1.68+1.17 82.23+7.65 4.03+1.86
Gedarif 12 0.14+0.14 0.02+0.02 99.86+0.14 15.72+3.47
Northen Kordofan 1 16.00+0.00 2.20£0.00 84.00+0.00 8.80+0.00
South Kordofan 1 12.00+0.00 0.80+0.00 88.00+0.00 5.90+0.00
South Darfur 1 0.00+0.00 0.00+0.00 100.00+0.00 3.60+0.00
West Darfur 1 0.00£0.00 0.00+0.00 100.00 £ 0.00 4.50=0.00
Central Darfur 1 0.00+0.00 0.00+0.00 100.00£0.00 5.10+0.00
Total 66 18.87+3.98 2.52+0.70 80.39+£4.01 31.86+10.59
F-value 3.78 3.25 429 2.57
df 13,52 13,52 13,52 13,52
p value 0.0001 0.001 0.0001 0.008

considering that the State is a major producer of guava
and mango, (IFAD 2012) both of which are preferred
host plants for B. zonata (Sarwar et al. 2013; Rauf et al.
2013; Rizk et al. 2014).

Interestingly, the neighboring State of Gezira, where
the pest was detected at the same time as that of Sennar
State (in 2011 survey), B. zonata was recorded in lure
traps as well as sampled fruits. The occurrence of
B. zonata and B. dorsalis in the Northern State in traps
indicates that the pest is well established in this State,
and possibly it has been there for a long time but
remained undetected. This also suggest that the invasion
by B. zonata in Sudan could be as a result of southwards
movement of this pest from Egypt, where it has been
reported as a major pest of guava, mango and peach,
apricot and fig across several Governorates in this coun-
try (Shehata et al. 2008; Mosleh et al. 2011). Although
this invasion may have been through the natural move-
ment of the pest through the orchards on the River Nile
banks across the borders of the two countries, there is
also an active trans-boundary fruits trade between the
two countries, a sizable consignment of which very
often not passing through strict quarantine inspection.

Nevertheless, the actual invasion routes of this pest into
Sudan need to be determined through molecular tools, a
study that we are currently undertaking. In the White
Nile and South Kordofan states, B. zonata seems to be a
recent invasion as B. dorsalis is generally still dominat-
ing in both traps and fruits.

In the recent past, the potential distribution of
B. zonata worldwide was projected using CLIMEX
model (Ni et al. 2012). The model predicted the main
mango and guava producing states in Sudan to be
marginally suitable for B. zonata. Similarly, Stephens
et al. (2007) and De Villiers et al. (2016) predicted
Sudan as unsuitable area for B. dorsalis. In our study
however, the major fruit producing states in Sudan were
predicted by MaxEnt to be highly suitable for B. zonata
and B. dorsalis, which matched closely with the current-
ly known distribution of both species in the country. The
differences between these studies could be as a result of
different dataset especially the species occurrence
points, different types and spatial resolutions of climatic
data, as well as the levels of complexity in model fitting.
Besides, CLIMEX model also uses the detailed knowl-
edge of species physiological tolerances to climate
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Table 3 Relative infestation of sampled fruits by B. zonata and other fruit flies in different States of Sudan in 2014 to 2016 fruiting seasons

State Sampling site Host plant ~ Weight of sampled fruits (Kg)  No of fruit flies per Kg of fruit

B. zonata  B. dorsalis  C. cosyra  C. capitata

Northern State Goshabi Orange 0.6 0.0 0.0 0.0 0.0
Elghaba Orange 0.5 0.0 0.0 0.0 0.0
Argoul Mango 0.3 10 0.0 0.0 0.0
Argou2 Mango 1.9 10.2 0.0 0.0 1.5
Elghaba Mango 8.4 39 0.0 0.0 0.0
Merwe Grapefruit 2.3 9.0 0.0 0.0 0.0
River Nile Shendi Grapefruit 0.9 5.0 0.0 0.0 0.0
Khartoum Elkabashi Guava 1.5 29.5 41.1 0.0 0.0
Elfaki Hashim  Guava 5.5 201.1 70.7 12.4 164.5
Gezira Gemaabi Guava 34 85.7 15.7 0.0 0.0
Gemaabi Mango 335 15.8 6.7 0.0 0.0
Gemaabi Orange 22 3.0 0.0 0.0 0.0
Hantoub Guava 2.1 30 27 0.0 0.0
Kamleen Guava 32 17.5 116.2 0.0 0.0
Gezirat Elfil papaya 7.1 20 0 0.0 0.0
Gezirat Elfil Guava 12 411.5 1647.4 0.0 0.0
Gezirat Elfil Mango 4.5 65.4 343 0.0 0.0
Kurdugaili Guava 274 16 140.6 0.0 0.0
Fadasi Guava 7.6 648.7 0.0 0.0 0.0
Sennar Singa Guava 61.9 0.0 547.6 0.0 0.0
Soukey Guava 24 0.0 4349 0.0 0.0
White Nile Elduaim Guava 42 12 383 0.0 0.0
Gezira Abba Guava 6.2 45.7 109.2 0.0 0.0
El Abasia Guava 2.4 0.8 29.9 0.0 0.0
Wad Elshaib Guava 22 14 3043 0.0 0.0
Elmansoury Guava 2 4.5 29.0 0.0 0.0
El Makhaleef =~ Guava 38 0.8 8.7 0.0 0.0
Blue Nile Damazin Guava 6.7 0.0 29.6 0.0 0.0
Korourou Guava 0.7 0.0 206.7 0.0 0.0
Azzazah Guava 1.3 0.0 948.9 0.0 0.0
Elgerf Guava 0.9 0.0 84.8 0.0 0.0
Rewina Mango 0.4 0.0 180 0.0 0.0
Kassala Kassala Guava 4.8 0.0 0.0 0.0 0.0
Kassala Guava 4.7 0.0 340 0.0 0.0
Kassala Guava 4.7 0.0 340 0.0 0.0
Kassala Mango 273 0.0 02 0.0 0.0
Kassala Mango 27.3 0.0 0.2 0.0 0.0
Kassala Grapefruit 0.7 0.0 2.0 0.0 0.0
Gedarif Hawata mango 2.7 0.0 50.2 0.0 0.0
Hawata Guava 0.3 0.0 61.4 0.0 0.0
Bazoura mango 2.8 0.0 1246.9 0.0 0.0
Gadoura Guava 0.4 0.0 1086.6 0.0 0.0
Gadoura mango 9.5 0.0 0.0 0.0 0.0
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Table 3 (continued)
State Sampling site  Host plant ~ Weight of sampled fruits (Kg)  No of fruit flies per Kg of fruit
B. zonata  B. dorsalis  C. cosyra  C. capitata
Fazraa Guava 2.6 0.0 70 0.0 0.0
Elmafaza mango 1.6 0.0 0.0 0.0 0.0
North Kordofan  Errahad Guava 5.7 0.0 134.7 0.0 0.0
Errahad Mango 275 0.0 879 0.0 0.0
South Kordofan =~ Tagmala Mango 4.1 0.5 0.5 0.0 0.0
Abu Jubyhah ~ Mango 25 4.8 98 49.6 0.0

factors as well as the collective indicator of the species
growth rate to predict potential areas for the species
establish (Kriticos et al. 2015; Byeon et al. 2017). This
differences in the modelling approach between
CLIMEX and MaxEnt could be also contributed to the
discrepancy between these studies. In the present study,
the predicted suitable areas for B. zonata was wider than
that of B. dorsalis, which demonstrate a high threat of
B. zonata to the fruit industry in Sudan. The annual
mean temperature was the most important variable that
influenced the distribution of both species. Since tem-
perature plays a crucial role in the distribution and
population growth of insects (Azrag et al. 2018; Bale
etal. 2002), the variation in the population abundance of
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% of Parasitized Puparia of B. zonata

B %Parasitizm == No of parasitoid wasps/puparia

B. dorsalis and B. zonata we obtained in this study could
be linked to the differences in the climatic variables as
demonstrated by the MaxEnt model.

The report of the occurrence of B. zonata in eastern
states of Kassala (specifically, Elsawagi South) and El-
Gadarif (specifically, Hawata), with high suitability of
these areas for this pest poses a serious risk of its
invasion into neighboring Ethiopia and Eritrea. The
detection of the pest at Makhaleef and Abu Jubyhah, a
border region with the Republic of South Sudan, even
though at low level, is quite alarming and raises concern
of'the risk of invasion of Kenya and Uganda by this pest
considering the continuous wild plantations of mango
and guava, where no management or even monitoring of
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Fig. 2 Percent parasitism and mean number of parasitoid wasps per puparia of B. zonata by the gregarious parasitoid Tetrastichus
giffardianus (Data is for Fadasi in Gezira State from 1/11/2015 to 15/5/2016)
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Fig. 3 Area Under Curve (AUC) of the Receiver Operating Characteristic (ROC) curves for the MaxEnt habitat models of (A) Bactrocera
zonata, (B) Bactrocera dorsalis and (C) the occurrence of both species

this pest is currently being undertaken. In general, the
pest has been found to displace the native Ceratitis
species such as Ceratitis cosyra and Ceratitis capitata
that were the dominant species (Deng 1990) before
B. zonata invasion. Similar findings of Ceratitis dis-
placement were reported in Egypt following the inva-
sion by the same alien pest (Shehata et al. 2008; Amro
and Abdel-Galil 2008). Displacement of native fruit
flies by invasive ones has been reported by several other
authors. For example, (Ekesi et al. 2009; Rwomushana
et al. 2009) demonstrated the displacement of C. cosyra
by B. dorsalis in Kenya. In fact, the former species is at
the verge of disappearing at lower altitude (< low 200
masl) (Ekesi et al. 2009). Likewise, (Mwatawala et al.
2009; Isabiriye et al. 2015; Cugala et al. 2016) reported
displacement of the Ceratitis species by B. dorsalis, in
Tanzania, Uganda and Mozambique, respectively. In
the present study, the abundance of B. zonata and
B. dorsalis were inconsistent depending on sampling
sites and it may be too early to speak of displacement.
Though B. dorsalis was mostly absent in the Northern,
Khartoum states and in Gezira State, its displacement is
unlikely as it is considered highly polyphagous and a
better invader than B. zonata especially considering that
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it has been many years since the former was reported in
Egypt and it is still restricted up north Africa. On the
other hand, B. dorsalis has spread to many countries
conquering various habitats and ecological zones within
a very short space of time (Goergen et al. 2011).

Bactrocera dorsalis had earlier displaced C. cosyra
and C. capitata following its invasion and subsequent
extensive spread in Sudan in 2005. Similar scenarios of
successive displacement of various flies’ species has
been documented in La Reunion and Mauritius, where
the indigenous Ceratitis catoirii was displaced by
C. capitata which was in turn displaced by C. rosa
which was later displaced by B. zonata (White et al.
2000; Duyck et al. 2004; Duyck et al. 2006a)] Outside
Africa, examples of competitive displacement include
that of the earlier invader C. capitata by B. dorsalis from
the Hawaiian coastal zone (Bess 1953), following the
invasion by the latter in 1940s (Van Zwaluwenberg
1947) and the displacement of the former species by
Queensland fruit fly Bactrocera tryoni, (Froggatt) from
Eastern Australia (Vera et al. 2002).

In the current study, few parasitoids species were
recovered only from Khartoum, Gezira and White Nile
States. Two parasitoid species were considerably low in
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Table 4 Contribution of each bioclimatic variable to Bactrocera zonata and Bactrocera dorsalis distribution models

Bioclimatic variable % contribution

B. zonata B. dorsalis Both species occurrence
Annual mean temperature 78.8 45.1 71.3
Precipitation of coldest quarter 15.2 - 14.9
Precipitation of wettest month 1.6 — 0.5
Mean diurnal range (Mean of monthly (max temp - min temp)) 1.3 - 0.8
Precipitation of driest quarter 1.0 2.6 14
Mean temperature of warmest quarter 1.0 - 32
Max temperature of warmest month 0.5 20.8 0.4
Precipitation seasonality (Coefficient of Variation) 0.5 1.1 -
Mean temperature of coldest quarter - 13.8 1.5
Precipitation of warmest quarter - 9.7 -
Precipitation of wettest quarter - 4.5 -
Min temperature of coldest month - 1.8 -
Mean temperature of wettest quarter - 0.5 -

Legend Legend
[ state [ state
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I 0.00 I 0.00
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Fig.4 Predicted potential distributions of (A) Bactrocera zonata, (B) Bactrocera dorsalis and (C) the occurrence of both species (ecological
niche modelling) in Sudan generated by MAXENT. Distributions is defined as the probabilities of the species occurrence (habitat suitability)

@ Springer



602

Phytoparasitica (2020) 48:589-605

number, while the generalist gregarious Eulophid,
Tetrastichus giffardianus was the most abundant species.
Nevertheless, none of these parasitoid species is quite
specific to this pest. The scarcity of indigenous fruit fly
parasitoid found to be associated with B. zonata as well as
their very low diversity is understandable considering the
fact that B. zonata is alien to the African continent and
none of these parasitoid species shared a co-evolutionary
history with this pest. In Egypt, five parasitoid species,
Aganaspis daci (Weld.), Fopius arisanus (Sonan),
Diachasmimorpha kraussii (Fullaway),
Diachasmimorpha tryoni (Cameron) and
Diachasmimorpha longicaudata (Ashmead) (Hymenop-
tera: Braconidae), have been imported from Hawaii for
testing and final release against this pest. Based on the
laboratory evaluation, the former species was found to be
very promising candidate. Thus, it was released in El-
Arish district, North Sinai Governorate and later recov-
ered with 9.7% parasitism (Mohamed et al. 2016). Sim-
ilarly, in the Indian Ocean island of La Réunion,
F. arisanus was also imported from Hawaii and released
in the island against the same pest (Rousse et al. 2006)
where it proved to be quite promising with percent par-
asitism ranging between 70 and 80 on tropical almond
Terminalia catappa L (Combretaceae) where B. zonata is
the dominant fruit fly species (Quilici et al. 2008).

Conclusions

The findings of this study provide a clear indication that
B. zonata is fairly widely spread in Sudan and it represents
a looming danger to the neighboring countries given the
fact that the pest has been detected at the border areas with
Eretria, Ethiopia and the Republic of South Sudan. This in
turn poses a serious potential threat of invasion by this pest
to the entire sub-Saharan and Sahel regions. Therefore,
these findings should serve as an early warning to the
countries in these regions. Thus, this calls for an urgent
need for enforcing phytosanitary and quarantine measures
and deployment of systematic surveillance targeting
B. zonata for its early detection and possible containment
and/or eradication. Indeed, the modelling projection by (Ni
et al. 2012) indicates that a large part of the continent is
climatically suitable for B. zonata establishment. Being an
alien pest in Sudan and the continent at large and lacking
specific efficient natural enemies, it represents an ideal
target for classical biological control. Currently efforts are
underway to import F. arisanus and the larval-prepupal
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parasitoid, D. longicaudata from the International Centre
of Insect Physiology and Ecology icipe, Nairobi, Kenya
into Sudan for testing and subsequent release for biological
control of B. zonata.
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